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FLOW-REGIME TRANSITIONS 
AT ELEVATED PRESSURES 

IN VERTICAL TWO-PHASE FLOW 

by 

James L. L. Baker 

SUMMARY 

Two-phase flow-regime transit ions at elevated p re s su res for a 
single-component fluid, trichloromonofluoromethane (Refrigerant-11), 
were investigated for forced-circulation, upward flow in a vert ical , 
rectangular conduit with internal dimensions of 0.380 by 1.050 in. The 
two-phase mixture was generated by an electr ical ly-heated tube at a con
stant heat flux, which ranged from 4,000 to 74,000 Btu /hr - sq ft, mass 
flow ra tes from 0.20 x 10^ to 2.0 x lO' Ib /h r - sq ft. The orthobaric-densi ty 
ratio ranged from 7 to 60. The mass qualities based upon thermodynamic 
equilibrium ranged to 90%; however, most of the data encompassed the 
segment from saturation to 50%. 

The flow regimes were observed in the unheated rectangular s ec 
tion by employing an X-ray and television monitoring system. High
speed, color motion pictures were obtained which utilized a technique of 
directing blue light from above, and red light from below, the camera 
centerline to provide a method for distinguishing liquid from vapor due 
to inversion of the color pattern. 

Three principal flow regimes were delineated: churn, annular, 
and wispy-annular flow. The lat ter is a distinctive flow regime in which 
liquid agglomerates or ligaments are t ransported in a vapor core . The 
plug-flow regime was not observed at elevated p r e s s u r e s . 

For comparison of fluids as widely divergent in their physical 
proper t ies as R-11 and water, identical or thobaric-densi ty rat ios were 
more suitable than reduced tempera ture or reduced p r e s s u r e . With the 
fluorocarbon refr igerant group, the basis for comparison is a rb i t r a ry 
because of the adherence of the group to the principle of corresponding 
s ta tes . Expressions were developed to corre la te surface tension and 
liquid dynamic viscosity for the refr igerants and water as a function of 
the reduced saturation p r e s su re . Through an examination of these co r 
relations of the orthobaric proper t ies , a simplified modeling of the flow-
regime transi t ions was possible. A comparison of the saturation proper 
ties of R-11 and water at constant orthobaric-densi ty ratio revealed that 
the rat ios of the various propert ies were relatively constant over the 
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range of test conditions. An examination of the Taylor-Helmholtz and 
Kelvin-Helmholtz stability c r i t e r ia for flow-regime transit ions yielded 
resul ts that closely bounded the result from consideration of a purely 
intertial system. 

Three flow-regime transi t ions were correla ted in t e rms of the 
superficial liquid and vapor velocities in conjunction with the or thobar ic-
density ratio and an or thobar ic-proper ty group. The transit ion from churn 
to annular flow and from churn to wispy-annular flow contained an ap
proximate dependency upon the square root of the or thobaric-densi ty 
ratio; the transition from annular to wispy-annular flow contained a cube-
root dependency The additional or thobar ic-proper ty group was necessa ry 
to bring into alignment the transit ions for the refr igerants and water . 

Local void-fraction distributions were obtained for six or thobar ic-
density ratios by employing a gamma-ray t ravers ing unit. The average 
void fractions were compared to available void data for water and a r e 
frigerant, R-22, at identical orthobaric-density ra t ios . Agreement within 
the data was found. However, none of the existing correlat ions predicted 
the results over the entire range of quality and mass flow ra t e . An ex
pression for the average void fraction was obtained for mass flow ra tes 
below 0.70 X 10^ Ib /hr -sq ft, which incorporated the mass- f low-ra te 
effect. A comparison of this result with a fluorocarbon, R-22, and water 
over a wide range of saturation p ressures yielded good agreement for 
systems with low subcooling at the entrance of the heated section. 

I. INTRODUCTION 

The study of two-phase flow with either single- or mult i-
component fluids has led m recent years to an accumulation of a vast 
l i terature because of the importance of two-phase flow in the nuclear, 
space, and chemical fields. Two of the more recent extensive compila
tions are due to Gouse and Kepple and Tung.^ A single-component fluid 
such as water has received wide attention in the l i te ra ture . Under forced 
circulation and heat addition, various flow regimes have been encoun
tered. For example, liquid water may appear as the continuous phase 
and the vapor as a dispersed phase, and the resulting flow regimes a re 
classified as bubble or froth flow. Some regimes may appear to be ap
proximately continuously variable in space and t ime, while other regimes 
may have widely varying space and time configurations, and the variation 
may also be random. Since many flow regimes can occur in a system, 
it is important to know where and how they occur with respect to system 
bulk variables such as flow rate, geometry, power input or removal, 
p ressure losses, and fluid propert ies . 



To simulate the effects of two-phase, single-component flow, the use 
of two-component systems, such as a i r -water , has been prevalent due to 
the ease of operation and construction of test equipment, and to the low cost 
of such units relative to some single-component s t ruc tures . The extension 
of these types of experiments to systems in which the fluid is maintained 
at elevated p re s su res or tempera tures has been based upon assumptions 
that the cor rec t modeling paramete rs have been obtained. Systems that 
are investigated with a i r -wate r as the operating medium to simulate fluids, 
say water at elevated p res su res , may grossly over- or under-es t imate the 
effects of various fluid proper t ies . The problem is especially pronounced 
when water is an operating fluid, since the normal atmosphere propert ies 
have very high values of liquid viscosity, surface tension, and liquid-vapor 
density rat io compared to the value of these quantities at high p r e s su re s 
and t empera tu res . These above propert ies undergo rapid decreases in 
value for relatively small temperature changes at near-a tmospher ic con
ditions. The thermodynamic propert ies do not change in the same func
tional relationship with p ressure or t empera ture . The use of the resul ts 
from the low-pressure studies for the application to h igh-pressure si tua
tions requires that the correc t s imilari ty parameters a re known, or that 
the cor rec t governing equations for the phenomena under consideration 
are obtainable. 

Water, which has a cri t ical p ressure of 3206 psia and a cri t ical 
temperature of 705°F, becomes a confinement problem, especially when 
visual observations of the flow regimes are desired. The flow regimes 
must be defined in t e rms of system parameters so that proper boundary 
conditions may be applied to any proposed analytical model. An analyt
ical model. An analytical model predicting the transition from regime to 
regime with associated p ressu re -d rop and heat- t ransfer charac ter i s t ics 
is far from realization since the flow regimes themselves are not well-
defined. 

In general , the determination of velocity distributions, density 
profiles, the velocity difference between phases, and the effects of system 
geometry have been empir ical . Critical heat fluxes and "burn-out" studies 
a re facets of the two-phase flow problem that have been given considerable 
experimental study, and they will not be considered in the present invest i 
gation other than to note instances of their occurrence . Another facet of 
the problem is the stability studies that a re encountered when a system is 
subjected to a mass-flow or power-input disturbance. This investigation 
is concerned with those flow phenomena that have a nearly t ime-
independent inlet condition. Fluctuations in the flow patterns in the test 
system are entirely permiss ib le under the foregoing condition. 

This investigation studies forced-circulat ion flow of a fluid that 
enters an electr ical ly heated vert ical section under constant heat flux and 
then passes vert ical ly upward through a rectangular test section. The 
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effect of system-saturat ion pressure and a ser ies of mass flow rates is 
determined for mass fractions of vapor and quality from zero to nearly 
complete vaporization. The flow patterns that occur in this system are 
studied by utilizing a television monitoring system that displays the ab
sorption patterns of high-energy X rays passing through the test section 
and fluid, and by using high-speed, color motion pictures with preferen
tially directed beams of colored light for distinguishing vapor bubbles 
from liquid drops. The form of fluctuations in the local p ressure drop is 
also considered since the form and magnitude of these resul ts are indica
tive of some of the flow regimes . 

The determination of the t ransverse vapor-volume-fraction d is 
tribution, or voidage, and the overall mean value are useful in determin
ing the local velocity difference and the mean velocity difference of the 
vapor and liquid. Void-fraction distributions were obtained for the oper
ating fluid selected for this investigation at the same time that the visual 
observations were made. The fluid selected for this investigation is t r i 
chloromonofluoromethane, a commonly used refrigerant, which is often 
designated as Freon-11, R-11, or F -11 . Void-fraction determinations 
for the group of refrigerants, called Freons , is virtually nonexistent for 
operating conditions of elevated pressure . These void results should 
provide an additional parameter in the attempt to obtain a flow model 
among various fluids, in particular, m the comparison of various fluids 
with water . 

Since the observation of van der Waals concerning the Law of 
Corresponding States, various thermodynamic properties have been cor
related on the basis of reduced propert ies , that is, on the basis of the 
ratio of a particular property to its value at the critical point. This 
thermodynamic modeling has its basis in the similarity of molecular 
s t ruc tures . Under this form of premise, the fluid considered for this 
investigation is selected as one that has a low crit ical p ressure and 
temperature so that a system may be employed in which the visual ob
servations may be made. Hosier and Westwater^ stated that a true test 
of any analysis of boiling-heat-transfer phenomena is the connparison of 
Freon-11 and water. Since Freon-11 possesses the requirements of a 
low cr i t ical-property state, it should provide the necessary range of 
p ressures and temperatures , in addition to requiring lower heat fluxes 
to accomplish the desired qualities at the exit of the test section. Kestin^ 
pointed out that the rendering of the viscosity dimensionless in the 
boundary-layer equations when a temperature profile exists tends to make 
modeling of the velocity profiles difficult. This observation may render 
certain regimes uncorrelatible by reduced physical properties or by the 
standard methods of dimensional analyses. 

Recent investigations of two-phase, single-component flow in 
vertical test sections with visual observations at high p ressu res a re few 



in number. The work of Tippets , ' Martenson,^ and Hos ie r ' has added to the 
meager knowledge of flow reg imes . In spite of these recent investigations, 
there is still little basic understanding of the fundamental mechanisms in
volved in two-phase, single-component, forced-convection flow with heat 
addition. A review of the l i te ra ture by Col l ier ' for 1935 to 1957 indicated 
a lack of knowledge of the flow regions. A ser ies of investigations was 
conducted by the Atomic Energy Research Establishment, Harwell, England, 
in which steam and water were mixed and injected into various shapes of 
test sections. A ser ies of AERE reports have since been published in which 
data have been collected to measure the effects of various regions of flow. 
This group also published various studies of a i r -water systems employed 
to simulate the regimes as shown in Fig. II. 1. An example of this type of 
study is given by Hall-Taylor, Hewitt, and Lacey^" concerning disturbance 
waves in annular flow of a i r -water mixtures . 

The review work of Vohr ' in I960 on flow patterns in two-phase 
flow indicated that very limited visual observations have been made for 
vert ical two-phase flow. At present, considerable effort is being made to 
alleviate the lack of visual studies. For fluids other than water, the cur 
rent work of Staub and Zuber'^ utilizing Refrigerant-22 in electr ical ly 
heated glass tubes is cited as an example of the increased interes t in the 
problem. 

The work of Tippets was to a large extent exploratory in nature 
since no previous visual tes ts had been made on the h igh-pressure region 
for water . His photographs have been subject to controversy in the in te r 
pretation since they were taken for a single view and there was a lack of 
depth perception. In addition, the appearance of bubbles in the liquid that 
surrounded the inner observation window added to the problem. It was also 
difficult to ascer ta in whether the i r regular shapes appearing in the test 
section were liquid or vapor. In the present study, a directed, two-color 
lighting system produced a positive distinction between the two phases . 

Martenson attempted to corre la te the resul ts of two high-speed 
motion-picture cameras operated simultaneously in two planes separated 
at right angles. Hosier provided the best photographic record by employ
ing a single heating s t r ip with a pr i sm mounted in an opposing wall and 
thus was able to obtain the two desired views. His conclusion was that 
the best observations could be obtained by utilizing a microscope for 
viewing the reg imes . Vohr conducted a high-speed motion-picture study 
of boiling-water flow in a vert ical , rectangular channel at a tmospheric 
p r e s s u r e . He developed a technique for measuring two-phase flow veloci
ties by superimposing two consecutive frames by an optical method. A 
flow-pattern scale was developed in which the charac ter i s t ic size of the 
vapor and liquid volumes composing a flow pattern was measured . Vohr 
used a single heating s t r ip and took photographs normal to the surface. 
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Analytical efforts to describe two-phase flow encountered extreme 
difficulties since a multiplicity of flow patterns has been observed which 
eludes simple descriptions. In comparison with single-phase flow, a simple 
laminar-turbulent transition is insufficient to describe the flow-pattern 
transit ion. In addition, in two-phase flow, dual equations of motion, energy, 
and continuity are to be handled with added interfacial express ions . 
P rogress has been made in the description of annular flow in which the 
liquid appears as a film on the wall and the vapor in the core . The various 
theories for annular flow are generally derived by assuming that Prandtl 
and von Karman theories of turbulent flow apply to this situation. This 
form of analysis was employed by Calvert and Williams,'^ Hewitt, and 
Anderson, Haselden, and Mantzouranis , ' ' to cite some investigators fol
lowing the same general format. The above form of analysis would not 
appear to be applicable where bubble formation occurred in the liquid film. 

Changes in flow patterns have been suggested as being caused by 
hydrodynamic instabilities in the bounding regimes for annular flow. In 
part icular , Ostrach and Koestel'^ reviewed the possible types of insta
bilities that may occur. These authors cited the caution that the applica
tion of external flow analysis to internal flow systems was not r igorously 
examined. That is, the applications of the four principal types of 
hydrodynamic-flow instabilities, a) Tollmien-Schlicting, b) Kelvin-
Helmholtz, c) Rayleigh-Taylor, and d) Bernard, may not lead to the 
correct evaluation of the physical situation. 

Other forms of analysis followed the dimensional analysis pat
tern, where either the governing parameters are assumed or the govern
ing equations are rendered dimensionally invariant. The examination of 
a transition from one single-flow pattern to another has met with some 
success since the number of governing parameters may be reduced by 
considering the dominant factor in that particular transit ion. Haberstroh 
and Griffith studied the transition from the annular to the slug-flow 
regime by employing a Froude-number analysis. This form of analysis 
implies that viscous and interface effects are secondary. Wal l i s " em
ployed a modified Froude-number investigation of the annular-flow regime 
with entrainment. Some of his preliminary resul ts indicated that the 
effect of viscosity and surface tension on this phenomena was not known and 
that the Froude-number analysis did not adequately cover these var iab les . 

Hinze developed equations for a flowing homogeneous suspension 
with slip between the phases, which could be applicable to the bubble or 
froth regime and to the liquid dispersed region. However, no solution of 
the equations is cited, and the difficulty in evaluating various t e r m s may 
be nearly insurmountable. For example, the induced mass associated 
with an agglomeration of bubbles or drops in an accelerating system is 
unknown at present . 
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Bankoff developed a variable-densi ty model of apseudosingle fluid 
for two-phase flow which employed a power form for the velocity and 
density (void) distribution. The unknown factors in his expressions a re 
evaluated from experimental r esu l t s . Extension of his resul ts to other 
experimental data has met with varying degrees of success . 

In a recent review of developments in vert ical two-phase flow, 
Govier summarized test resul ts for the transit ion of various flow pat
t e rns . There is a lack of elevated p ressure data evident in this review. 
The large l i tera ture for transit ions at low p ressu res has not established 
a definite mode of transit ion in the various reg imes . 

In the review of past efforts in two-phase flow resea rch , the 
emphasis has been confined in general to low-pressure sys tems, or to 
closed systems in which water has been the fluid. There is a general 
lack of information concerning flow regimes or patterns for single-
component fluids at elevated p r e s s u r e s . Density, or void-fraction, d i s 
tributions have been confined to water studies for the most part . To 
provide a bet ter understanding of the governing paramete rs in two-phase 
flow, the examination of fluids other than water at elevated conditions is 
des i rable . In the following section, the existing flow patterns in two-
phase flow will be described. 
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U. DESCRIPTION OF TWO-PHASE FLOW 

The te rm "two-phase flow" is considered to be representat ive of 
the simultaneous flow of liquid and vapor in a closed conduit. The two pr in
cipal orientations of the major axis of the conduit that have been considered 
in the l i terature are horizontal and vert ical flow. Upward flow in a ver t ica l 
conduit is the configuration employed in this work. The flow configuration, 
or flow pattern, in horizontal systems will be considered for comparison 
purposes only. For very high flow ra tes , the direction of gravity may be 
expected to be of secondary importance in the arrangement of the liquid and 
vapor in the conduit, and horizontal and vertical systems may exhibit near ly 
the same flow-pattern orientations. 

In two-phase flow studies, two general categories are presented: 
one in which the liquid and vapor are the same fluid (i.e., a single-component 
flow), and one in which the liquid and vapor are dissimilar fluids (i.e., a 
two-component flow). The majority of two-phase flow studies have involved 
water as the liquid, and for the latter case above, air has been the vapor 
or gas. 

The results of a two-component flow study have been extended to 
predictions concerning single-component flows with varying degrees of 
success . In part icular , the thermodynamic propert ies of a single-component 
fluid vary in a fixed manner as system pressure and temperature a re 
changed. Fur thermore , with the addition or removal of heat, the relative 
quantities of the liquid and vapor change. The advantage of a two-component 
system is that a particular thermodynamic property may be varied while 
the remaining propert ies are held at some fixed values. This form of va r i 
ation will be satisfactory if the correct modeling paramete rs a re known, 
and if there is no coupling of the controlling parameters in producing the 
various configurations. 

The method of injection of the liquid and vapor (or gas) into a system 
can influence the development of flow pat terns. This is analogous to the 
variation in velocity distribution in single-phase fluids due to the entrance 
configuration. Thus, some regimes in two-phase flow may not exist in 
very short test sections because of the time required for a par t icular 
regime to form. A difference in flow patterns may also be expected in 
systems where the two-phase mixture is produced by an energy input ra ther 
than by injection of the two phases separately. 

The mater ia l that follows describes the possible flow regimes in 
both heated and adiabatic flow and the efforts made to present the various 
flow regimes in flow maps or plots. 
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A. Two-phase Flow Regimes 

The survey of flow regimes for horizontal and vert ical flow by Vohr" 
described the individual flow regimes that had been observed in the l i te ra
ture before I960. The terminology employed by the various studies is 
widely varying in the description of the flow reg imes . Seven basic hor i 
zontal flow regimes have been described: 

1. Bubble flow. This regime is character ized by vapor or gas 
bubbles, which do not completely bridge the area normal to flow. 

2. Plug flow. Long vapor or gas plugs are formed, usually by 
coalescence of bubbles from the first regime. The vapor plugs are sepa-
parated by liquid plugs, which may or may not contain bubbles. 

3. Stratified flow. The vapor or gas flows in a separated s t ream 
above the vapor-liquid interface, which remains relatively tranquil. 

4. Wavy flow. This regime is a continuation of the previous one 
in vrhich the interface develops waves of increasing amplitude. 

5. Slug flow. This regime occurs with a complete bridging of the 
channel by slugs of liquid, which may contain bubbles. This liquid slug 
t r ave r ses the channel at a rapid ra te . 

6. Annular flow. This regime is character ized by an annulus of 
liquid on the channel walls with the vapor occupying the central region or 
core. 

7. Spray flow. The liquid is dispersed in vapor, which becomes 
the continuous phase. In adiabatic flow, it may be expected that the liquid 
forms patches on the walls if wetting occurs . 

This description of the horizontal flow patterns does not include some of 
the subdivisions of the flow regimes that have been described by some 
invest igators . However, it should be sufficient to allow a comparison of 
the vert ical flow reg imes . 

The listing of the p r imary , ver t ical flow regimes by Vohr included 
the following: 

1. Bubble flow. Vapor bubbles aided by buoyancy effects move 
through the liquid s t ream, which is considered the continuous phase. 

2. Piston flow. The vapor forms long plugs with a rounded leading 
surface. The liquid plugs that separate the vapor plugs may contain en
trained bubbles. 



3. S e m i a n n u l a r , d i s p e r s e d plug flow, e m u l s i o n flow, t u r b u l e n t 
flow, s l u g - a n n u l a r flow. T h e s e v a r i o u s t e r m s have b e e n app l i ed to the 
r e g i m e tha t s e p a r a t e s the p r e v i o u s flow r e g i m e f r o m the fully d e v e l o p e d 
a n n u l a r r e g i m e . Th i s r e g i m e is p r o b a b l y the m o s t diff icult to d e s c r i b e . 
The flow s t r u c t u r e is r a n d o m in n a t u r e , with both p h a s e s a l t e r n a t e l y a t 
t e m p t i n g to a s s u m e the cont inuous f o r m . 

4. Annu la r flow. Th i s r e g i m e is c h a r a c t e r i z e d by an a n n u l u s of 
l iquid on the channe l w a l l s , with the vapo r occupying the c e n t r a l r e g i o n or 
c o r e . 

5. S p r a y or d i s p e r s e d flow. The l iquid a p p e a r s in d r o p l e t o r l i g a 
m e n t f o r m and is d i s p e r s e d in the cont inuous vapor p h a s e . 

By way of c o n t r a s t , the c l a s s i f i c a t i o n s m a d e by Nick l in and D a v i d s o n 
for v e r t i c a l flow in an a i r - w a t e r s y s t e m a r e as fo l lows: 

1. Bubble flow. The bubbles a r e s m a l l in c o m p a r i s o n wi th the 
flow a r e a , and the shape is not g r e a t l y affected by the confining w a l l s . 

2. Slug flow. The bubbles a p p e a r a s e longa ted f o r m s , wh ich h a v e 
a rounded lead ing s u r f a c e and a n e a r l y flat bo t t om. The length v a r i e s by 
a s m u c h a s s e v e r a l h u n d r e d s of tube d i a m e t e r s . T h e s e v ap o r s l ugs m a i n 
t a in t h e i r ident i ty as they m o v e up the condui t . 

3. S e m i a n n u l a r flow. T h i s r e g i m e has an a p p e a r a n c e s i m i l a r to 
the s lug- f low r e g i m e in that a l t e r n a t e s lugs of l iquid and gas (or v a p o r ) 
o c c u r . H o w e v e r , the l iquid r e g i o n s a l t e r n a t e l y tend to bui ld up and b r e a k 
down, which r e s u l t s in a chu rn ing m o t i o n . The gas s lugs do not p o s s e s s 
the c h a r a c t e r i s t i c rounded , or T a y l o r , n o s e . 

4 . Annu la r flow. The l iquid is m a i n t a i n e d on the w a l l s , and the 
gas flows in the c o r e . The i n t e r f a c e is wavy, and the a m p l i t u d e of t he w a v e s 
is not suff icient to f o r m a l iquid b r i d g e . 

5. M i s t flow. The l iquid is c a r r i e d in the f o r m of d r o p l e t s swept 
f rom the wal l s by the gas flow. 

T h e r e is an obvious s i m i l a r i t y be tween the foregoing d e s c r i p t i o n s of the 
flow r e g i m e s . H o w e v e r , the d e s c r i p t i v e t e r m s for the r e g i m e s a r e s l i g h t l y 
d i f f e ren t . 

To add to the d e s c r i p t i v e f o r m s m e n t i o n e d above , the d e s c r i p t i o n by 
Col l ier^* for the flow r e g i m e s o c c u r r i n g in v e r t i c a l flow with h e a t add i t i on 
i s i nc luded . F i g u r e s II. 1 and II.2 i l l u s t r a t e t h e s e r e g i m e s and t h e i r a s s o 
c i a t e d t e m p e r a t u r e e f fec t s . 
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The fo rced flow of a s i n g l e - p h a s e l iquid u p w a r d th rough a v e r t i c a l 
condui t wi th a u n i f o r m wa l l hea t flux, i t s t r a n s i t i o n to v a r i o u s types of flow 
r e g i m e s , and the s u b s e q u e n t exi t of a s u p e r h e a t e d v ap o r i s shown in 
F i g . II. 1. The a s s o c i a t e d wall and fluid t e m p e r a t u r e s a r e i l l u s t r a t e d in 
F i g . I I .2 . In the d i a g r a m s , the t r a n s i t i o n f r o m n u c l e a t e boi l ing to f i lm 
boi l ing , i . e . , a b l anke t of vapo r on the w a l l s , i s not shown. T h i s t r a n s i t i o n 
could o c c u r at low q u a l i t i e s if suff ic ient ly high hea t flux is m a i n t a i n e d . 

The ind iv idua l flow r e g i m e s as they m a y a p p e a r in v e r t i c a l flow 
with hea t add i t ion a r e s u m m a r i z e d a s fo l lows: 

1. Single-phase Liquid 

The forced-convection flow of single-phase liquid in a heated 
conduit has been investigated by many groups. The many correlat ions have 
been summarized by Knudsen and Katz.^' The pr imary correlation has been 
based on three dimensionless groups; the Reynolds number, the Prandtl 
number, and the Nusselt number. Respectively, they signify the effect of 
velocity, system proper t ies , and heat t ransfer . For a constant heat flux 
in this region, the wall temperature increased linearly. 

2. Subcooled Boiling 

As the liquid approaches the saturation temperature c o r r e 
sponding to the system pressu re , bubbles form on the walls because the 
wall temperature is in excess of the saturation temperature . These bubbles 
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are swept into the stream and generally collapse after a short distance in the 
subcooled s t ream. The heat- t ransfer coefficient increases in this region. 
The wall temperature tends toward a constant value for the constant-heat-
flux situation. Jicha and Frank^^ presented wal l - tempera ture profiles for 
subcooled boiling with a wide range of flow ra te , system p re s su re , and 
heat flux. A burn-out can occur in this region with a sufficiently high heat 
flux in which a transition to film boiling occurs with a subsequent increase 
of wall temperature . This phenomenon is not shown in Fig. II. 1. 

3. Nucleate Boiling with Bubble or Froth Flow 

When the main s t ream temperature reaches the saturation tem
pera ture , the term bulk boiling is employed. The heat- t ransfer coefficient 
in this region tends to remain relatively constant, as does the wall t empera 
ture . Although the bulk temperature tends to decrease with increasing 
p ressu re drop, the change in wall temperature is not appreciable. 

4. Nucleate Boiling with Slug, Churn, or Froth Flow 

This region is characterized by the coalescence of bubbles to 
form slugs of vapor interconnected with liquid containing bubbles. Froth or 
churn flow may appear dependent upon the surface-tension proper t ies of the 
fluid. The slug-flow regime is unstable in the frequency of slugging and in 
the entrainment of small bubbles. The heat- t ransfer coefficient may in
crease in this region in accordance with the magnitude of the mass flow 
ra te . The effect of high system pressures is not known for this region, nor 
is it known if slug flow exists for p ressure approaching the cr i t ical p re s su re . 

5. Annular Flow with Evaporization 

At high velocities, the liquid tends to collect in a thin film on 
the wall and the vapor collects in the core . The heat- t ransfer mechanism 
in this region is the evaporation of the liquid and the forced convection be
tween the vapor and liquid. The presence of bubbles in the liquid film has 
not been determined in this region although they may appear under cer ta in 
system conditions. The heat- transfer coefficient r i ses very rapidly in this 
region, and the wall temperature remains substantially the same as in the 
previous cases . 

6. Liquid-dispersed or Spray Region 

The increase of the vapor velocity in this region entrains liquid 
drops from the thin, slow-moving liquid layer on the wall. The vapor con
stitutes the major portion of the fluid in this region and thus may be con
sidered as the continuous phase. Liquid droplets continually impinge on, 
and are reentrained from, the liquid on the wall. The heat - t ransfer coeffi
cient increases rapidly with increasing quality. For the heat-addition case , 
the actual flow pattern has not been clearly defined for this region. 
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7. Liquid-deficient Region 

The region is characterized by a sudden drop in heat-transfer 
coefficient to that observed for dry steam, and the wall temperature in
creases rapidly. The liquid film tends to decrease in thickness and finally 
disrupt with the resultant appearance of dry patches. Finally, the liquid 
film vanishes altogether. 

8. Single-phase Vapor 

The vanishing of the liquid film from the wall results in the 
transition of the system fluid to a superheated vapor with a low heat-
transfer coefficient. 

Govier classified the "semiannular" regime as listed by 
Nicklin and Davidson as "Froth" flow. 
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Figure II.3 illustrates the flow dis
tributions in typical two-component 
systems. It is difficult to portray 
the froth or semiannular regime in 
a single figure or photograph. High
speed motion pictures illustrate the 
random, turbulent character of this 
type of flow. The ternn "semiannular" 
or "churn" may be more descriptive 
of this regime. 

SEMIANNULAR 

INCREASING GAS FLOW 

INUL4R MIST Thc anuular-flow regime, 
•when viewed by means of motion 
pictures, ranges from a tranquil 

Fig. II.3. Two-phase Flow Patterns surface with low-amplitude waves 
to one in which the waves are of 

high amplitude with droplets separated from the peaks. A spectrum of 
frequencies may be seen in this regime, along with large-disturbance waves 
traveling at higher velocities than low-level waves, which are also present.'" 

A recent development in the description of flow regimes is that due 
toBennettet al.,^' in which a new flow regime entitled "wispy-annular" was 
determined by X-ray photographs and high-speed motion pictures. This 
regime has the usual characteristics of the annular flow regime in that 
liquid film moves slowly along the walls with an agglomerated, entrained, 
liquid phase in the vapor core. To quote directly from their report, the 
character of the new flow regime is such that "This (entrained) phase ap
peared to flow in large agglomerates somewhat resembling ectoplasm." 
The high-speed, color motion pictures obtained in this investigation revealed 
the same flow pattern as that obtained by Bennett et^ al. and are discussed 
in Section VI. 
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B. Two-phase Flow-regime Transit ions 

The conditions governing the existence of a part icular flow regime 
are in part due to the thermodynamic and t ransport propert ies of the fluid, 
the orientation and configuration of the containment vessel , the turbulence 
of the fluid, the flow ra te , and the rate of energy input into the system. To 
predict the probable phase distribution, some information concerning these 
aspects should be known. In general, the above quantities a re known to some 
degree. However, the coupling of the forces acting within the system is 
not readily obtained. Since the p ressu re drop, heat t ransfer , and void-
fraction distribution depend to a large extent on the flow regime, the t ran
sition between various regimes in t e rms of available pa ramete r s is an 
essential facet of the problems encountered in two-phase flow. 

What is generally meant by a flow-regime transit ion is that a small 
set of conditions exists in which the distinction between two adjoining r e 
gimes is indeterminate, and that two sets of conditions bound this set such 
that each set is identifiable as a particular regime. The demarcation of a 
flow-regime transition may be made on the basis of the mean value of a 
transition set, the upper bound, or the lower bound. In general , any of the 
above values would be advantageous to the designer. 

The expression of all possible transit ions on a single plot or map 
in te rms of two parameters would be most desirable for all fluids and op
erating conditions. The question that may be asked of such a plot is whether 
it holds for systems in which the fluid undergoes a transformation of phase 
by heating, and for systems in which the two phases a re injected separately. 
Such a plot might exist if one of its pa ramete rs contains a transit ion t ime-
scaling factor, since the formation of some regimes may not occur within 
the confines of an individual piece of equipment because of the length of the 
equipment and the time available. The initial orientation of the phases 
would also affect the developing flow pattern and should be included in the 
parameter . 

A general map covering all possible situations in two-phase flow 
will probably not be developed until transitions between regimes are better 
understood. Some mechanisms for transit ions will now be considered. 

The transition from bubble to slug, or plug flow, occurs through the 
coalescence of a swarm of bubbles into an elongated bubble with a rounded 
or bullet-shaped head and a somewhat flat bottom nearly filling the conduit. 
The parameters that appear to affect the transition are the initial dis tr ibu
tion of the bubbles, their s izes , the contact t ime, and the proper t ies of the 
fluid. Coalescence is a function of the .surface tension of the fluid and the 
density ratio.^° The size of the bubbles is affected by the flow of fluid and 
the rate of energy input. Slug flow has been observed in subcooled boiling 
by Jeglic and Grace,^' who found that the formation was a function of the 
heat flux. 



The bubble-flow regime may transfer into the semiannular regime 
without the appearance of distinct vapor slugs of the previously described 
form. Kutateladze and Styrikovich^" stated that slug flow does not appear 
in water systems above approximately 1500 psia. At sufficiently high flow 
ra t e s , bubble flow undergoes a transit ion at increasing qualities to a d is 
persed type of system. The spray-annular type of regime would probably 
be encountered in adiabatic systems, since the liquid would wet the wall 
and form a film. 

Nicklin and Davidson^' indicated that two types of transit ion occur 
in slug flow. At low liquid velocities, in an a i r -water system, the t r ans i 
tion to semiannular flow occurs due to a phenomenon similar to flooding 
of evaporators in which an instability of the liquid film produces a collapse 
of the gas slug. This transit ion was said to occur at a constant sum of the 
superficial velocities, or 

Vgg + Vg^ = a constant, (II.B-l) 

where the superficial velocity is the average volumetric flow per unit area , 
and the subscripts sg and s i represent the gas and liquid, respectively. 
Thus, at low liquid flow ra tes , an increase in liquid flow reduces the t ran
sition gas velocity. The cause of transition at high liquid flow rates was 
stated to be caused by a different instability. It was suggested that the nose 
of the slug underwent an instability, which produced the transit ion. At the 
higher liquid flow ra tes , the transition gas velocity increased with in
creasing liquid velocity. 

A transit ion cr i ter ion from slug to homogeneous flows was developed 
by Moissis^' by equating the relative velocity of the vapor slug and the liquid 
flow to the relative velocity at liquid-vapor interface obtained from a sta
bility analysis of the Orr-Summerfeld equation. This analysis would imply 
that the transi t ion is from slug flow to annular flo'w. Hov^ever, since the 
length of the vapor slug enters into the solution, the analysis may be said 
to be applicable to the semiannular transit ion to annular flow. That is , 
for short vapor-slug lengths, the semiannular condition may be 
approximated. 

An e lec t r ica l - res is t iv i ty probe to determine whether a liquid bridge 
occurs in the flow field was employed by Haberstroh and Griffith' and by 
Suo et al.^^ to determine the transit ion from the bridging type of flow to 
annular or dispersed flow. This method would also appear to yield the 
transit ion from bubble to slug flow. 

The transit ion from semiannular to annular flow was approached 
by Haberstroh and Griffith" in a Froude-number type of analysis in which 
there is no explicit dependency upon a Weber or Reynolds number. 
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T h e i r e x p e r i m e n t a l w o r k p r o v i d e d two m o d e s of t r a n s i t i o n e x p r e s s i o n s , 
which depended for a bound on a d i m e n s i o n l e s s , s u p e r f i c i a l l iquid v e l o c i t y . 
The t r a n s i t i o n e x p r e s s i o n s a r e 

V* ' = 0.9 + 0 .6V*' (II .B-2) 

f o r 

a n d 

f o r 

V*. £ 1.0, ( I I B - 3 ) 

V = (7 + 0.06P) V , (II.B-4) 
sg SI 

V* ' 2 1.5. (II.B-5) 

The d i m e n s i o n l e s s v e l o c i t i e s e m p l o y e d above a r e m o d i f i c a t i o n s of e x p r e s 
s ions employed by Wal l i s 2l—-^^ '"^ ' ^^ f o r m s 

Vf 

[ g D ( l - l / / 3 ) ] ' 
rf = (II.B-6) 
f r_r^/, , /oMl/2 

a n d 

V -
V* = S - , (II.B-7) 

g [gDO-1)]'/^ 

w h e r e ji is the dens i t y r a t i o , Pi/po', and Vf and Vg a r e the s u p e r f i c i a l l iquid 
and vapor v e l o c i t i e s , r e s p e c t i v e l y . H a b e r s t r o h and Gri f f i th a s s u m e d tha t 
the dens i t y r a t i o was l a r g e and t h e r e f o r e r e p l a c e d 1 - l/p> by un i ty in 
Eq . (II.B-6) and se t /3 - 1 equa l to /3 in Eq, ( l I .B-7) . W a l l i s £ t a i . ' ' v a r i e d 
the b r a c k e t t e r m s in the above e x p r e s s i o n s to i n c o r p o r a t e the effect of 
e n t r a i n m e n t on the vapor d e n s i t y . The innpl ica t ion of the above m o d e l i n g 
p a r a m e t e r s i s that v i s c o s i t y and s u r f a c e - t e n s i o n ef fec ts a r e of s e c o n d a r y 
i m p o r t a n c e . While t w o - p h a s e flow cannot be r e g a r d e d a s a p u r e i n e r t i a l 
s y s t e m , the o r t h o b a r i c - d e n s i t y r a t i o , j3, for s i n g l e - c o m p o n e n t f luids in 
s o m e funct ional r e l a t i o n s h i p m a y accoun t for the effect of s u r f a c e t e n s i o n 
and v i s c o s i t y in the c o r r e l a t i o n s , s i nce both t h e r m o d y n a n n i c p r o p e r t i e s 
can be e x p r e s s e d a s a function of the d e n s i t y r a t i o . Both s u r f a c e t e n s i o n 
and l iquid v i s c o s i t y a p p e a r in the g e n e r a l f l o w - r e g i m e m a p p r o d u c e d by 
B a k e r . " H o w e v e r , the v i s c o s i t y t e r m ig s u p p r e s s e d by the snnall va lue of 
the exponent on the t e r m . In Sec t ion IV, the t h e r m o d y n a m i c r e l a t i o n s h i p s 
a r e c o n s i d e r e d for o r t h o b a r i c c o n d i t i o n s . 
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The transit ion from annular flow to annular flow with droplet en
trainment was examined by van Rossum^^ for horizontal flow in a rectan
gular duct with a variation of surface tension and viscosity of the fluids. 
Steen and Wallis^ examined the transit ion for cocurrent , vert ical , downward 
flow and compared experimental resul ts of the former and the analysis of 
Zuber.^' The resul ts of van Rossum employed both a Weber number and 
Reynolds number based on the liquid-film thickness in the correlat ion of 
the entrainment study. Essentially, both van Rossum and Steen and Wallis 
found that the minimum gas velocity for entrainment was proportional to 
the surface tension and given by 

V,, = Ca. (II.B-8) 

The value of C was 0.82 for the horizontal, and 1.25 for the vert ical , down
ward flow, when V̂^̂  is expressed in ft /sec and a in dyne/cm. Thus, the 
minimum gas velocity for entrainment would be higher for the vert ical 
downward flow at a given surface tension. The inlet conditions require 
consideration in these studies, since entrainment may occur ear l ier than 
indicated by the above resu l t s . 

J . van Rossum found that at sufficiently high velocities a cr i t ical 
Weber number becomes constant, and is 

PgV'6 
We^j. a—s , (II.B-9) 

where 6 is the liquid film thickness, and V is the mean gas velocity. A 
second parameter was defined as 

MfV 
S* = . (II.B-10) 

where jHf is the liquid dynamic viscosity. When S* is greater than 5, the 
cri t ical Weber number becomes approximately 17. Recent experimental 
data for entrainment in vert ical systems by Wallis et a l . ' would indicate 
a trend toward a constant Weber number. Zuber analyzed the resul ts of 
van Rossum and developed several bounding expressions for entrainment, 
which were subsequently compared by Steen and Wall is . ' The latter did not 
obtain very good agreement except for a thick-liquid-film expression, which 
suggested that 

0(3' 
= a constant = 2.46(10)"^, (II.B-U) 

where ^g is the gas dynamic viscosity. The onset of entrainment then ap
peared to be independent of the diameter of the system. Above a certain 
minimum liquid-flow rate, the onset of entrainment was independent of the 
liquid flow. 
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Continuing research at CISE, Milan, Italy, for flows in the annular-
dispersed regime has not indicated any large effect of liquid or gas v i scos
ity in this regime. Cravarolo and Hassid'* indicated a dependency of the 
void fraction on surface tension and gas density. Little work has been done 
in this regime, and the factors involved remain somewhat in doubt. In an 
adiabatic system, some wetting of the walls should be expected in most 
situations. The transition from bubble flow to annular-dispersed flow may 
take place at high mass flow rates through the formation of liquid ligaments 
due to high shear forces, the liquid ligaments then breaking up into droplets . 

Considerable l i terature concerning flow regimes in horizontal flow 
at relatively low pressu res has been presented in the form of graphs or 
flow maps. Some investigators have considered the effect of the direction 
of the gravitational acceleration at very high flow rates to be a secondary 
effect and that some vertical flow patterns would be s imilar to the horizontal 
forms. The principal flow-regime map in horizontal flow is due to Baker'* 
who utilized data from various investigations, principally a i r -water systems, 
to develop his flow map, which was employed in pipe-line flow of oil. Unfor
tunately, an examination of the calculated data presented in his paper for 
gas-oil flow does not agree with equations listed for the pa rame te r s . A 
recalculation of his parameters according to the given equations shifts the 
results from one flow regime to another in nearly one-third of the listed 
resul ts . The flow map of Baker'* is shown in Fig. 11.4. 
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Transition Map 

The coordinates for Baker 's map are G / X and Xif/h/G where 

G = mass velocity of the gas phase, Ib /hr -sq ft of total pipe area; 

L = mass velocity of the liquid phase, Ib /hr -sq ft of total pipe 
area; 

X = [(Pg/0.075)(pL/62.3)]'/^ • 

Pg = density of gas phase, Ib/cu ft; 
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and 

P L = density of liquid phase, Ib/cu ft; 

V = (73/a)[(Miyi)(62.3/pL)^]'^S 

a = surface tension of liquid phase, dyne/cm; 

|UL = viscosity of liquid phase, cP. 

The numerical factors in Baker ' s pa ramete rs are identified as : 

0.075 = density of air at standard p re s su re and tempera ture , 
Ib/cu ft; 

62.3 = density of water at room tempera ture , Ib/cu ft; 

73 = surface tension of water at room temperature , dyn/cm; 

and 

1 = viscosity of water at room tempera ture , cP (this is implied 
in the abscissa of the Baker plot). 

By rearranging the coordinates of the map, the paramete rs may be 
compared with other resu l t s . Employing the equations listed in Baker ' s 
text, 

G / X = C,V3g/p ' /^ (II.B-12) 

where Cj is a constant and the other t e rms are the superficial gas velocity 
and the density ratio as previously defined. Using the t e rm for surface 
tension, a, that has been previously employed. 

X^L/G = C , ^ p ' / ^ ^ ( M L / P i ) ' ' ' . (II.B-13) 

where Cj is a constant. Thus, for a single-component system under a given 
saturation p r e s su re , the plot reduces to the superficial gas velocity as the 
ordinate, and the rat io of superficial velocities as the abscissa . The absence 
of an explicit diameter effect is par t icular ly noticeable. In addition, the 
underlying assumption in any plot of this type is that the various regimes 
are dependent in the same manner on the fluid proper t ies . The data eval
uated in Table 1 of Baker ' s paper for the factor, X, was erroneously cal
culated on the basis of 

Xe = [(pg/0.075)/(pL/62.3)] ' /^ (II.B-14) 

Thus, in the original equation the product of the two t e rms in parenthesis 
is taken, whereas the ratio of these t e rms is employed in the resul ts p r e 
sented in Table 1. The effect upon the coordinates may be examined by 
considering the proportion 
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Xc/X = 62.3/pL, (II.B-l 5) 

which provides only a slight modification in the coordinates i{_ the liquid 
density is very nearly equal to that of water at room tempera ture . By way 
of comparison, the saturated-liquid density of water at 1000 psia (/3 = 20.6) 
is approximately 46.3 Ib/cu ft, while R-11 at (3 = 20.6 has a saturated-
liquid density of 75.3 Ib/cu ft. In Section IV, the fluid proper t ies a re exam
ined and the results indicate that the ratio of the fluid property group for 
water and R-11 in Eq. (lI.B-13) is nearly a constant when determined at 
identical orthobaric-density ra t ios . The value of this constant is approxi
mately 0.25. The evaluation of Eq. (II_B-15) for the above conditions resul ts 
in factors of 0.828 for R-11, and 1.34 for water . 

A fixed transition point in Baker 's nnap does not modify the resultant 
superficial liquid velocity for either form of X. However, the superficial 
vapor velocity was increased for water and was reduced for R-11 when 
Eq. (II.B-14) was employed. For the expressions in Baker ' s text, the super
ficial vapor velocities for R-11 and water would be identical, while the 
superficial liquid velocity of R-11 would be approximately 0.25 that of the 
water, at identical orthobaric-density ra t ios . For Eq. (lI.B-14) to hold, the 
mass flow rates of the vapor must be equal for t'wo fluids at a fixed t ran
sition point. The form of the Baker plot does not allow a single constant 
quality to be obtained as a condition for any transit ion line that purports to 
hold for fluids such as water and R- 11 when examined at identical 
orthobaric-density ra t ios . Thus, the resul ts of Haberstroh and Griffith'* 
a re incompatible with that of Baker'* if extended to fluids such as R-11 and 
^vater at elevated saturation p r e s su re s . 

Representation of the various transitions was shown by Griffith and 
Wallis for the slug-flow regime in an a i r -water system. The coordinates 
employed in their representation were suggested by Kozlov*" where the 
volumetric gas fraction, Qg/(Qg + Qf), is plotted as a function of the mix
ture volumetric Froude number, 

Np-R = [(Qg + Qf)/Ap]ygDp (II.B-16) 

where Qg and Q^ are the average volumetric flow ra tes of the gas and liquid, 
respectively; Ap is the cros s-sectional area of the pipe; and Dp is the pipe 
diameter . The superficial velocities a re thus the average volumetric flow 
rate divided by cross-sect ional a rea . Govier" suggested that Kozlov's 
representation was not in accord with other investigations and should be 
discounted since the representation was based on insufficient data. Froude-
number modeling implies that viscous and compressibil i ty effects a re neg
ligible. The absence of a te rm with surface tension implies also a minor 
effect due to the interfacial conditions. 
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A graphical representat ion, somewhat s imilar to the above type, was 
due to Kosterin*' in which the volumetric gas fraction was retained but the 
other coordinate was the mixture velocity that is the sum of the superficial 
veloci t ies . Hoogendoorn and Buitelaar*^ employed the "Kosterin" diagram 
in the investigation of the effect of gas density and of gradual vaporization 
in horizontal gas-liquid flow. They employed a system in which superheated 
Freon-11 and water were the mixture, and with flashing Freon-11 at low 
p r e s s u r e s . The transit ion lines were shifted slightly due to change in gas 
density. The effect of the vaporizing Freon-11 was to inititae atomization 
at lower velocities and to shift the transit ion to froth flow to lower veloc
i t ies . The range of p r e s su re s investigated was small, and the smallest 
density ratio was in the order to 100. The transit ion to spray-annular , or 
atomization, indicated by this investigation supports the approximation of 
Eq. (II.B-8) qualitatively. 

Extensive r e sea rch in vert ical flow of two-component mixtures by 
the "Alberta" group produced correlat ions of flow regimes in te rms of 
p re s su re drop and superficial water velocity, and in t e rms of gas liquid-
volume rat io . In par t icular , the plot of superficial water velocity and a i r -
water volume ratio*' is somewhat s imilar to the Baker plot when fluid 
property values a re held constant. The difference appeared in the use of 
the superficial gas velocity by Baker instead of the liquid-velocity t e rm. 
The correla t ions of the "Alberta" group do not contain any thermodynamic 
property relationships since there was little variation in these values. The 
Alberta group found no effect of diameter in the bubble-to-slug or -plug 
transi t ion. In the transit ion from slug to froth flow, the diameter effect 
was to the one-third power; in the transit ion from froth to annular flow, 
there was an inversion of the diameter effect to the two-thirds power. 

The application of the generalized plot of Baker'* to steam and liquid 
water data at elevated p r e s s u r e s was made by Goldman, F i rs tenberg , and 
Lombardi,** where the coordinates for the map were the total mass flow 
rate and the mass quality. The presentation of flow patterns in this form 
confines the resul ts to a single p r e s s u r e . Thus, a family of transit ion 
curves would be necessary to display the effect of system p re s su re . This 
form of flow-regime map was modified by Suo ê t al.'^ for water at 1000 psia 
in which the transit ions from bubble and slug flow to dispersed were est i 
mated by combining the dispersed transit ion resul ts of Baker, '* Habers t roh 
and Griffith's semiannular t ransi t ion, ' and a constant-Weber-number rep
resentation due to Wallis. The experimental t ransi t ions were obtained by 
utilizing a res is tance probe. The transi t ion that occurred from the 
semiannular - to-d ispersed regime was at a lower quality than would be p r e 
dicted by the square root of the or thobaric-densi ty ratio representat ion of 
Griffith.*^ 

The total mass flow rate and quality form of flow regime presenta
tion were utilized by Bennett et aj..^^ for water at 500 and 1000 psia wherein 
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high-speed motion pictures and X-ray photographs were employed to deter 
mine the flow regime at the exit of a vert ical heated tube. Their work con
tained a cr i t ic ism of the res is tance-probe method'*''^'*' for the determination 
of the annular transit ion. The wispy-annular regime described by this 
report would appear to be bounded by churn, or semiannular, flow at low 
qualities and high flow ra tes ; the annular regime at low mass flow ra tes ; : 
and by the dispersed-annular flow regime at high qualities and high flow 
ra tes . The transition from annular to "wispy-annular" was indicated to 
have occurred at a nearly constant superficial liquid velocity. A statement 
that the transition occurred at increasing liquid velocities for increasing 
p re s su re is not compatible with the data presented in their report . A cal
culation of the superficial velocities from the quality and mass flow rate 
listed in their tables indicated an opposite effect. Their reportedapproximate 
values of transition from annular to wispy-annular are 4.5 ft /sec at 
1000 psia and 3.5 ft/sec at 500 psia. Data available at present do not appear 
to be sufficient to make a definitive statennent concerning the form of this 
transition. The results of this report and of Suo et aJ.'^ appear to invalidate 
a constant-quality transition as suggested by Griffith.*^ 

Staub and Zuber*' presented a transition map for Refrigerant-22 for 
reduced p ressures of 0.12 and 0.22 for a limited range of total mass flow 
rates in the form of a superficial-velocity plot incorporating bubbly-slug, 
churn, churn-annular, and annular flow in their transit ion. In par t icular , 
their study revealed an absence of plug flow in the two-phase flow with heat 
addition. The transition to annular flow in their resul ts is not predictable 
by the method of Haberstroh and Griffith.'* 

In summary, the information concerning the flow-regimes transit ions 
of single-component fluids at elevated temperatures is not extensive. The 
effect of the change in fluid propert ies has not been well-defined, nor has 
the effect of the configuration, or diameter, met with any conclusive resu l t s . 
The use of a single plot to represent all regime transit ions for a variety 
of fluids with large changes in propert ies does not seem feasible. 
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III. STATEMENT OF THE PROBLEM 

The flow regimes produced by constant-heat-flux addition to a 
single-component fluid in forced-circulation, upward flow at elevated 
p r e s s u r e s were investigated. Visual observations of the flow regimes are 
made utilizing high-speed color motion pictures and a fluoroscope mon
itoring system. The similari ty of flow patterns and transi t ions between a 
test fluid, trichloromonofluoromethane, and water is to be established. 
The basis for the modeling cr i ter ion will be shown in Section IV, where 
the orthobaric-densi ty ratio is obtained as the preferred modeling 
parameter , rather than on a reduced-pressure or - tempera ture basis 
through consideration of the thermodynamic and t ransport proper t ies , and 
the possible causes of transit ion between flow regimes . 

The test fluid at near-sa tura t ion conditions is heated electrically 
through a se r ies of qualities to the limit of the system. The p re s su re range 
selected for these t es t s , when modeled at identical orthobaric-density 
rat ios , corresponds to a range of water saturation p ressu re from approxi
mately 400 to 2000 psia. The orthobaric-density ratio involved ranged 
from 7 to 60. The mass flow ra tes based upon a rectangular channel with 
a flow cross section of 1.050 by 0.380 in. varied from 0.20 x lO*" to 
2.0 x 10*' Ib /h r - sq ft. 

The observations are made in an unheated, rectangular channel 
above the heated section. Void-fraction t r ave r se s are made during each 
test run to provide information concerning the change in void distribution 
as the flow rate and quality are varied. Local p re s su re gradients are also 
obtained ac ross the section of observation. 

The goal of this investigation is to establish a correspondence in 
filow pat terns and their transit ion between two widely different fluids 
(trichloromonofluoromethane and water). An immediate consequence of 
the existence of such correspondence is the possibility of ascertaining 
the flow regime for water at high p ressu re by conducting experiments on a 
single-component fluid at much lower tempera tures and p r e s s u r e s . 
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IV. SIMILARITY METHODS 

To provide a method of similarity modeling for two-phase flow 
systems, the thermodynamic and transport propert ies of various fluids 
must be considered. Since the observation of van der Waals concern
ing the Law of Corresponding States, various thermodynamic and 
t ransport propert ies have been correlated on the basis of reduced 
proper t ies , that is , on the basis of the ratio of a part icular property to 
its value at some reference state. In general , the reference state has 
been the thermodynamic crit ical point. This thermodynamic modeling 
has its basis in the similarity of molecular s t ructures . Under this form 
of premise , the fluid considered for this investigation was selected as one 
that has a low crit ical p ressure and temperature so that a system could 
be employed in which visual observations could be made. Hosier and 
Westwater* stated that a true test of any analysis of boil ing-heat- transfer 
phenomena is the comparison of water and Freon-11 . The selection of 
trichloromonofluoromethane (Refrigerant-11 or Freon-11) for the operat
ing fluid met the requirements of low pressures and tempera tures ; in 
addition, lower heat fluxes are required to accomplish the desired exit 
conditions. 

The physical system itself must enter into consideration in any 
method of modeling. Hence, to circumvent the problem of adding an addi
tional parameter to the investigation, the test unit was designed to fall 
within the realm of conduit sizes most frequently appearing in the l i t e ra 
ture for systems employing water as a working fluid. The pr imary ques
tion to be answered is that of what basis is to be employed for modeling 
various fluids. To answer this question, the physical propert ies of water 
and R-11 must be examined. 

Guggenheim** pointed out that no substance can be completely de
scribed in its equation of state by a proposal that contains only two adjust
able parameters . Many fluids are, however, relatable over certain 
regions by the Law of Corresponding States in t e rms of their cr i t ical 
proper t ies . The l i terature contains many efforts to relate all substances 
in the reduced-property form with varying degrees of success. The Law 
of Corresponding States implies that a universal constant exists*' such 
that 

P C V C / T , = K, (IV. 1) 

and that 

P V / T = K^-- f,(Tr,0,7). • (IV.2) 

where the reduced variables are P = P^-'T, V = V 0, and T = T 7 Cer
tain c lasses of fluids fall into the above type of model. In general 



correspondence has been found when the outer electron shell of a molecule 
shows similari ty to another type of molecule. Two additional c lasses of 
fluids are the polar and nonpolar types of molecules. For example, it has 
been suggested that the decrease in viscosity at constant tempera ture of 
water as it approaches condensation (i.e., the saturated-vapor state) is due 
to prefer red alignment of the polar molecules in "c lus te rs , " thereby 
allowing the "free" molecules a greater collision-path length. Fur ther , 
surface phenomena are very different in polar and nonpolar fluids.^" This 
point may be of importance in the study of two-phase systems. In polar 
fluids, the increased viscosity and a great elastic strength of the fluid at 
its surface, part icularly near a solid interface, represent the prime dif
ferences. The most significant fluid in engineering applications is water, 
which is a polar fluid and is not correlatable with ordinary nonpolar fluids 
such as the simple straight chain organic fluids (for example, methane or 
ethane). The Freon group i s , in general , polar. 

For two-phase flow systems, the viscosity and surface tension of a 
fluid are generally required, in addition to the P-V-T data. It is often 
necessary to fit expressions to the available data in order to obtain the 
desired test condition. The modeling of viscosity has been approached by 
various methods in the absence of complete data. This aspect will be con
sidered in the following sections. 

The pr ime assumption in most fluid-flow studies is that the 
equil ibrium-state proper t ies are applicable to dynamic situations. This 
is definitely open to question in the appearance in flow systems of a 
dynamic surface tension that is significantly different from the stat ic-
surface-tension measurement . It is also known that the relaxation t ime, 
or time to reach equilibrium, is not the same for the vibrational, rotational, 
and translat ional energies of a molecule. It will be assumed in this in
vestigation that the equil ibrium-state proper t ies are sufficient for de te r 
mining the fluid condition of the two-phase flow system. 

Reduced proper t ies have been used in previous heat- t ransfer work 
in boiling. Bankoff presented the maximum heat flux in nucleate sub
cooled boiling as a function of reduced p re s su re in evaluating the difference 
between the fluid saturation tempera ture and the wall t empera ture . No one 
has pointed out a physical reason for the above correlat ion or that a maxi
mum occurs at some reduced p r e s s u r e . A recent correlat ion of peak and 
minimum heat flux for nucleate pool boiling by Lienhard and Schrock 
utilized a reduced-pressure correlat ion. However, the scat ter in their 
data about the "theoretical" curve is probably due, on the whole, to an in
herent assumption in their dimensional analysis that the ratio of the Weber 
number to the drag coefficient is a constant. Some of the questions con
cerning correla t ions based on dimensionless groups that exhibit success 
in some instances and wide deviations in others will be shown in the follow
ing sections to be in part due to the various means of representing the 
physical proper t ies . 
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A. Thermodynamic and Transport Proper t ies 

To establish a model for comparing water and the "Freon" group, 
we must examine the variation of thermodynamic and t ransport prop
er t ies of these fluids as a function of the saturation conditions, that i s , 
the variation of the propert ies as a function of either the saturation 
pressure or the saturation tempera ture , since the two pa ramete r s a re 
not independent along the saturation line. An examination of the fluids 
may be initially considered in t e rms of the reduced p re s su re (the ratio 
of the saturation pressure to the cri t ical p ressure) , and in t e r m s of the 
reduced temperature (the ratio of the saturation tempera ture to the 
crit ical temperature) . If Pj-andTj . , respectively, represent the afore
mentioned rat ios, a plot of the log P^. versus I / T J . for a variety of 
substances will reveal that no two vapor -pressure curves overlap, as 
was shown by Martin.^* Thus, there is no universal vapor -p ressure plot 
in t e rms of the reduced pressure- reduced temperature pa rame te r s . 
Therefore, it can be concluded that any correlation that exhibits a single-
parameter representation of many fluids in t e rms of the reduced sa tura
tion pressure will not have a s ingle-parameter representation in t e r m s of 
the reduced saturation temperature . 

1. Saturation Proper t ies 

The saturation thermodynamic propert ies that are usually 
employed in flow-system calculations have been obtained originally by 
experiments in which thermal equilibrium has been attained. A ser ies of 
static thermal equilibrium state points in which thermodynamic proper t ies 
such as p ressure , temperature , and specific volume (or density) are mea
sured and connected as a continuous function represents the saturation line 
for the liquid or vapor. Other thermodynamic point functions, such as 
enthalpy and entropy, are obtained from indirect measurements since 
both are calculated quantities from other measurements . The variation 
of these equilibrium propert ies , as determined from these static equilib
rium tes ts , is assumed to hold in most flow-system analyses. 

Pr imar i ly , in modeling the "Freon" group with water, interest 
in the variation of the saturation propert ies as a function of either sa tura
tion p ressure or temperature should be a first concern of an investigation. 
In this respect, the variation of the ratio of the saturation-liquid and 
saturation-vapor densities as functions of reduced saturation tempera ture 
or pressure is shown in Figs. IV. 1 and IV.2, since this ratio exhibits the 
greatest variation over the normal operating range for most fluids. 

The saturation-density ratio is defined as 

P = Pf/Pg, (IV .A-1) 
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w h e r e the s a t u r a t i o n - l i q u i d and s a t u r a t i o n - v a p o r d e n s i t i e s a r e i n d i c a t e d 
by the s u b s c r i p t s f and g, r e s p e c t i v e l y . The s a t u r a t i o n - r e d u c e d p r e s s u r e 

r a t i o , which wi l l be r e f e r r e d to a s 
the r e d u c e d p r e s s u r e in the fo l low
ing t ex t , i s g iven by 
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P . = P s a t / P c (IV. A-2) 

w h e r e the s a t u r a t i o n p r e s s u r e i s 
r e p r e s e n t e d by the s u b s c r i p t " s a t , " 
and the c r i t i c a l p r e s s u r e g iven by 
the s u b s c r i p t " c . " The c r i t i c a l 
p r e s s u r e i s defined a s the p r e s s u r e 
at which the s a t u r a t i o n - l i q u i d dens i t y 
i s equa l to the s a t u r a t i o n v ap o r d e n 
s i ty . The s a t u r a t i o n - r e d u c e d t e m 
p e r a t u r e r a t i o i s g iven by 

T = T ^ r - • ' s a t / T 
;/ c 

(IV. A - 3 ) 

w h e r e t h e s a t u r a t i o n a n d c r i t i c a l 
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Fig. IV.1. Orthobaric-density Ratio as a Function 
of Saturation Temperature 
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Orthobaric-density Ratio as a 
Function of Saturation Pressure 
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for the F r e o n s a r e shown. T h u s , an i m m e d i a t e c o n c l u s i o n a s to the r e p r e 
sen ta t ion of v a r i o u s F r e o n s wi th in the g r o u p can be m a d e . Tha t i s , e x p e r i 
m e n t a l mode l ing tha t r e q u i r e s a c o r r e s p o n d e n c e wi th in the F r e o n g r o u p 
should be m a d e on the b a s i s of r e d u c e d p r e s s u r e when the dens i t y r a t i o i s 
the p r i m e f ac to r . In subsequen t s e c t i o n s , the v a r i a t i o n of o t h e r p r o p e r t i e s 
wi l l i nd i ca t e tha t a m o d e l for the F r e o n s wi th in the g r o u p should be m a d e 
on the b a s i s of r e d u c e d p r e s s u r e . 

The p lo t s of dens i ty r a t i o v e r s u s both r e d u c e d p r e s s u r e and 
r e d u c e d t e m p e r a t u r e show tha t t h e r e i s no c o r r e s p o n d e n c e be tween the 
w a t e r r e s u l t s and the F r e o n g r o u p . Tha t i s , mode l ing on the b a s i s of the 
dens i ty r a t i o does not c a r r y ove r in an i n t e r c h a n g e of f luids when the 
c r i t e r i o n of r e d u c e d p r e s s u r e or r e d u c e d t e m p e r a t u r e i s s e l e c t e d . 

H." 

F i g u r e s IV.3 and IV.4 show the s a t u r a t e d - l i q u i d d e n s i t i e s for 
the F r e o n g r o u p and w a t e r in t e r m s of the r e d u c e d - s a t u r a t i o n t e m p e r a t u r e s 
and p r e s s u r e s . The r a t i o of the s a t u r a t e d - l i q u i d dens i ty to the c r i t i c a l 

dens i ty i s e m p l o y e d in t h e s e p l o t s , 
and an u n u s u a l qua l i ty i s no ted in 
the p lo t s in that at any s e l e c t e d r e 
duced t e m p e r a t u r e o r p r e s s u r e the 
r e d u c e d s a t u r a t e d - l i q u i d dens i t y of 
w a t e r i s g r e a t e r than tha t of the 
F r e o n s . In p r a c t i c e , the F r e o n g r o u p 
i s noted for a m o r e d e n s e l iquid p h a s e 
than w a t e r on the a b s o l u t e b a s i s . F o r 
e x a m p l e , R - 1 1 h a s a l iquid dens i t y of 
a p p r o x i m a t e l y 92 I b / c u ft at r o o m 
t e m p e r a t u r e , c o m p a r e d to w a t e r wi th 
a value of 62 .3 . 

F i g u r e IV.3 i n d i c a t e s tha t the 
e n t i r e F r e o n g r o u p can be r e p r e s e n t e d 
a s a s ingle function of the r e d u c e d 
t e m p e r a t u r e , which should have b e e n 
expec ted if the law of r e c t i l i n e a r d i 
a m e t e r s i s to hold for the F r e o n g r o u p . 
In F ig . IV.4, the r e d u c e d s a t u r a t e d -
l iquid d e n s i t i e s for the F r e o n s a r e 
r e p r e s e n t e d by the bounding c u r v e s . 

REDUCED TEMPERATURE, 

Fig, IV.3. Saturated- liquid Density as a Function 
of Saturation Temperature 

It i s aga in seen that the r e d u c e d - p r o p e r t y r e p r e s e n t a t i o n does 
not b r ing about a c o r r e l a t i o n of the w a t e r and F r e o n g r o u p . 

A m o r e ex tended rev iew of the t h e r m o d y n a m i c p r o p e r t i e s i s 
inc luded in th i s sec t ion s ince it was n e c e s s a r y to smooth s o m e p r e l i m i 
n a r y da ta for F - 1 1 at e l eva ted p r e s s u r e s . 
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REDUCED PRESSURE. P, 

Fig. IV.4. Saturated-liquid Density as a Function of 
Saturation Pressure 

The e s t i m a t i o n of 
s a t u r a t e d - f l u i d d e n s i t i e s h a s 
b e e n the objec t of n u m e r o u s 
p u b l i c a t i o n s o v e r m a n y d e 
c a d e s , and i d e n t i c a l f o r m a t s 
a r e r e p u b l i s h e d a s new m e t h 
o d s . T y p i c a l exannples of 
t h i s a s p e c t a r e c i t ed by Scot t 
and Dillon^ in a d i s c u s s i o n 
on the u s e of r e d u c e d t e m 
p e r a t u r e s for the d e s c r i p t i o n 
of the o r t h o b a r i c d e n s i t i e s . 

A typ ica l r e p r e s e n 
t a t i o n of the law of r e c t i l i n 
e a r d i a m e t e r s i s shown in 
F i g . IV.5 in which the o r t h o 
b a r i c o r s a t u r a t i o n d e n s i t i e s 
a r e r e p r e s e n t e d and the m e a n 
dens i t y i s i n d i c a t e d . The 

g e n e r a l e x p r e s s i o n for the law of r e c t i l i n e a r d i a m e t e r s for any o r t h o b a r i c 
p r o p e r t y , F , i s g iven by 

Ff + F„ b T , (IV. A-4) 

F o r the s a t u r a t i o n d e n s i t i e s , the e x p r e s s i o n wi l l be a l t e r e d s l ight ly by 
employ ing the def in i t ion tha t the s a t u r a t e d - l i q u i d and v ap o r d e n s i t i e s a r e 
i d e n t i c a l at the c r i t i c a l point ; t hen . 

Pf + Pg 

2 P . 
1 + c ( l - T , (IV. A-5) 

- - . , 

-.,,1.10010 

^^___I*£M 

V A P O R ^ ^ , - ^ 

1 

~" A CRITICAL POINT 

1 

REDUCED TEMPERATURE, T, 

Fig. IV. 5. Representation of the Law of Rectilinear Diameters 
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The value of c for the Freongroup was suggested as 0.93 by Eiseman. 
This constant varies slightly with each Freon in the group, and the or tho
baric densities are represented more accurately by plots for the individual 
member in the group. The constant c contains both the cr i t ical t empera 
ture and the critical density. 

The representation of the difference in orthobaric densit ies 
has a long history as indicated by Scott and Dillon^' in the form 

p ^ - Pg = Do(l-T^)n. (IV.A-6) 

A value of 3 / l0 for the exponent was given by Ferguson and Miller. '* 
Fishtine^' provided a table in which n varied from 0.25 to l /3 for various 
compounds. The Freons have exponents slightly less than 0.31. 

After a slight rearrangement , the orthobaric density of either 
phase should be attainable from Eqs. (lV.A-5) and (IV.A-6) as 

p/p^ = 1 + c(l - Tj.) ± Di(l - T^)", (IV.A-7) 

where the plus and minus signs represent the liquid and vapor densit ies, 
respectively, and Dj is 'D^/Zp^. 

To check the consistency of the Freon orthobaric densi t ies , the 
sum of the orthobaric densities at each temperature was formed and 
Eq. (lV.A-5) was employed to form the expression 

biz = ^ 1^^-\ —, (IV. A-8) 

which should be a monotonic function over the entire range of tempera
tures . In this manner, the new high-pressure data were analyzed in con
junction with standard plots of the densities as a function of temperature 
to ascertain any data deviations. Appendix B contains the original values 
of the properties of R-11. 

An alternate representation of Fig. IV.2 is shown in Fig, IV.6 
in which the reciprocal of the reduced pressure is employed. A linear 
representation of the orthobaric density ratio can be approximated over a 
considerable range of reduced p ressure . The water data are represented, 
from a pressure of 100 psia to approximately 2500 psia, by the linear 
portion of the plot. 
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RECIPROCAL OF REDUCED PRESSURE I /P , 

Fig. IV.6. Linearity Representation of the 
Orthobaric-density Ratio 

2. Surface Tension 

The surface tension exhibited in thermodynamic equilibrium 
may be considered to be the excess Gibb's free energy (the enthalpy minus 
the product of the absolute temperature and the entropy) between the free 
energy of a surface layer of molecules and that of a layer at some distance 
from the surface. The general trend has been to employ experimental data 
to derive expressions that relate the surface tension to the p re s su re , the 
tempera ture , the enthalpy, the density, or the parachor. The surface ten
sion of a fluid has usually been considered independent of p ressu re for 
subcooled systems. However, if a gas at high p ressu re is maintained over 
a liquid, then the surface tension decreases with increasing gas p re s su re , 
and the decrease is a function of the gas employed. A decrease of 50% 
was attained for p re s su res extending to 150 atm. At moderate p r e s su re s , 
gas p ressu re in a two-component mixture would not be expected to have a 
very large effect on the surface tension. 

Due to the interrelationship of p ressure and temperature along 
the saturation line, a relationship might be formulated for surface tension 
as a function of saturation p ressu re . This result is shown in Fig. IV.7 
where the surface tension has been placed in a reduced form by employing 
a reference surface tension. The following approximate general ex
pression for surface tension as a function of saturation p re s su re for the 
Freons and water has been obtained: 

= 0.749(Pr) •1/10/ 1 - P . (IV .A-9) 
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w h e r e a is the s u r f a c e t e n s i o n at the r e d u c e d s a t u r a t i o n p r e s s u r e , P j . ; 
and OQ Q3 is the s u r f a c e t e n s i o n at a r e d u c e d s a t u r a t i o n p r e s s u r e of 
P J . = 0 .03 . The above e x p r e s s i o n for s u r f a c e t e n s i o n can be s u c c e s s f u l l y 
employed if the su r f ace t e n s i o n at any s a t u r a t i o n p r e s s u r e i s known. T h i s 
me thod of p r e s e n t a t i o n of the s u r f a c e t e n s i o n was s u g g e s t e d by the w o r k 
of B o r i s h a n s k y , Novikov, and K u t a t e l a d z e r e l a t i n g l iquid v i s c o s i t y and 
t h e r m a l conduct iv i ty as a function of r e d u c e d s a t u r a t i o n p r e s s u r e . 

- 1 

_ 

-

~ 

! 1 1 n i l 

* • . ' V . 

E <̂ oo3 = <̂  '̂ T PR 

— 
" 

1 1 1 1 INI 

1 1 
•H.O 

•F-12 
•F-22 

•.•:, 

• 0 03 

1 1 

1 Mil 1 1 I 1 Mil 
• F-l l 
• F-12 
• F-22 
• F-113 
• F-114 

-
PARACHOR_ 

• • • • « . 

1 MM 

' % — 

I 1 1 1 INI 

Fig. IV.7 

Surface Tension as a 
Function of Reduced 
Saturation Pressure 
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REDUCED PRESSURE (Pp 'P /P ( . p ) 

The r e f e r e n c e va lue s for the su r f ace t e n s i o n at the s t a n d a r d 
r e d u c e d p r e s s u r e a r e given in Tab le I. The e x p e r i m e n t a l da ta for two of 
the F r e o n s w e r e obta ined f rom a pape r by S te in le . 

TABLE I. P h y s i c a l C o n s t a n t s 

C r i t i c a l C r i t i c a l C r i t i c a l 
(Exp.) , ( P a r a c h o r ) , P r e s s u r e , T e m p , D e n s i t y , 
d y n / c m d y n / c m p s i a °F cu f t / l b 

W a t e r 46 

R-11 
(CCI3F) - 17.2 

R-12 
(CCI2F2) 13.7 15.8 

R - 2 2 
(CHCIF2) 16.8 17.2 

R-113 
(CCI2F-CCIF2) - 15.8 ' 

R - 1 1 4 
(CCIF2-CCIF2) - 14.7 

3206.2 705.4 19.88 

635 388.4 34.5 

596.6 233.6 

7 1 6 

34 .84 

204.8 32 .8 

498.9 417 .4 35 .96 

474 294.3 36.3 



Various formulations for the surface tension as a function of 
other thermodynamic variables could be considered at this point. Two repre 
sentations of significance in the following text are the representat ion of 
the surface tension as a function of the reduced temperature and as a 
function of the difference of the orthobaric densit ies. The variation of 
surface tension with reduced tempera ture can be written as 

a = ao(l - Tj.)"", (IV A-10) 

where OQ is a constant peculiar to each fluid, and m is approximately 
a constant for all (unassociated) liquids with a value of about 1.2. In a 
study of the value of the exponent, Ferguson'^ indicated that the equation 
was presented by van der Waals in 1894. This exponent var ies from fluid 
to fluid and only yields approximate values for the numerical value listed 
above. 

The parachor , [ P ] , is defined as 

Ma 1/4 

( P f - P g ) 
(IV. A-11) 

where M is the molecular weight. Sugden devoted an entire book to the 
subject of calculating parachors for many fluids by utilizing additive con
tributions from the molecular s tructure of a fluid. The parachor permits 
a comparison of molecular volumes at constant surface tension. Thus, it 
makes some allowance for the effect upon molecular volumes of the large 
forces due to molecular at t ract ions. Since the original book is not readily 
available, the t e r m "parachor" i s definedhere as the combination of two Greek 
words (TTapa = set by the side of, and Xtopa = space). In the absence of 
any data on a par t icular fluid, the surface tension may be estimated if the 
orthobaric densi t ies and the molecular weight are known, along with the 
molecular s t ruc ture . 

The surface tension, when expressed as a function of the dif-
;e of t 

form 
ference of the orthobaric densi t ies , was found by Macleod to be of the 

0 = C(Pf- Pg)P, (lVA-12) 

where C is a constant independent of t empera tu re , and p was taken by 
Macleod to be equal to 4. This expression led Sugden to the definition of the 
parachor . Ferguson listed values of p for several fluids and indicated 
that the value of p varied from fluid to fluid. For most substances, the 
deviation from the value of 4 set by Macleod is not large. Therefore, a 
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rule of thumb for the variation of surface tension with density may be taken 
as 

a s C(pf .pg)* , (IV.A-13) 

or, the parachor is a good approximation for surface tension. 

An interesting result is obtained by equating Eqs. (IV.A-IO) and 
(IV.A-12) and rearranging them to yield 

P f - P g = ( a „ / c ) ' / P ( l - T ^ ) " ' / P . (IV.A-14) 

If the general values of m and p are taken as 1.2 and 4, respectively, as 
suggested above, the resultant expression will be identical to the value 
listed for n in Eq. (lV.A-6). 

In later sections, the above relationships for surface tension 
will be extended to the problem encountered in two-phase flow of evaluating 
the effect of various dimensionless groups. 

3. Viscosity 

The dynamic viscosity, which appears as a coefficient in the 
viscous s t ress - tensor in the equation of motion for both the vapor and the 
liquid, has been examined as a function of various thermodynamic proper 
t ies , in particular as a function of temperature and density. In the l i t e ra 
ture , no completely satisfactory method has been cited that will predict the 
viscosity of a liquid from its molecular structure or from the physical 
propert ies . In general , experimental measurements have provided the desired 
viscosity data. Bondi applied a simple molecular theory for non-
associating liquids and produced some work over a limited range of tempera ture 
and pressure for fluids that have their liquid viscosity in the functional 
relationship of 

log Mf = A + B / T , (IV .A-15) 

where fi^ is the dynamic liquid viscosity and A and B are constants. 

Thodos et al. presented a ser ies of correlat ions for the v is 
cosity of pure substances over a considerable range of p r e s s u r e s and 
tempera tures . '• ^' ' The fluids were separated into polar and nonpolar 
groups and further subdivided into classes of fluids. Both reduced tem
perature and reduced density were considered as var iables . The viscosity 
t e rm was expressed as the difference between the viscosity at elevated 
p ressure and tempera ture , and the viscosity at atmospheric p re s su re and 
the same temperature . This difference was termed the residual viscosity. 
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In the d e n s e g a s e o u s and l iquid r e g i o n s , the r e s i d u a l v i s c o s i t y w a s e x 
p r e s s e d a s s i n g l e - v a l u e d function of r e d u c e d dens i ty for p o l a r s u b s t a n c e s . 

The F r e o n s w e r e inc luded in 
__, t h i s c o r r e l a t i o n . " It t hen should 
^° ^ be e x p e c t e d tha t an ex t ens ion of 

the l i m i t e d v i s c o s i t y da t a for the 
F r e o n s can be m a d e . 

A vas t l i t e r a t u r e i s a v a i l 
able on t w o - p h a s e flow s t u d i e s 
c a r r i e d out at low p r e s s u r e s and 
t e m p e r a t u r e s . P a r t i c u l a r l y n u m 
e r o u s among t h e s e s t u d i e s a r e 
t hose employ ing a i r - w a t e r s y s t e m s . 
E x t e n s i o n of t h e s e r e s u l t s to 
s y s t e m s at e l eva t ed p r e s s u r e s i s 
difficult as in any e x t r a p o l a t i o n . 
F i g u r e IV.8 i s an e x p a n s i o n of the 
g r a p h p r e s e n t e d by B o r i s h a n s k y 
et a i . in which the l iquid d y n a m i c 
v i s c o s i t y i s p lo t ted on a r e d u c e d 
b a s i s (using the v i s c o s i t y at a r e -

The independen t v a r i a b l e i s the 

I I 

AT P • 0 0 3 

MM I I 
10 10 10 

REDUCED PRESSURE ( P „ = P / P . B 1 

Fig. IV.8. Liquid Dynamic Viscosity as a Function of 
Reduced Saturation Pressure 

duced p r e s s u r e of 0.03 a s a r e f e r e n c e ) 
r e d u c e d p r e s s u r e . R e s u l t s for the F r e o n s a r e added to the plot , a s we l l a s 
s o m e add i t i ona l w a t e r da t a . The c u r v e d r a w n t h r o u g h the da ta in the o r i g 
ina l p a p e r h a s b e e n o m i t t e d and, in i t s p l a c e , a s t r a i g h t l ine is d r a w n 
t h r o u g h the w a t e r and F r e o n da ta . The r e s u l t a n t e x p r e s s i o n for the l iquid 
v i s c o s i t y i s g iven by 

Mf ,_ ,-0.261 
= 0.4 P,.) 

Mo.03 
(IV. A-16) 

for 

and 

P J . < 0.2 for a l l f luids 

P < 0.9 for w a t e r , r 

The r e f e r e n c e v i s c o s i t i e s at P^. = 0.03 for s e v e r a l F r e o n s and w a t e r a r e 
a s fo l lows: 

1. W a t e r : fX(, „ = 11.45 x 10 '^ I b / s e c - f t ; 

2. R - 1 1 : 1̂ 0.03 = 27,0 x 10"= I b / s e c - f t ; 
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3. R - 1 2 : Mo.03 = 24.8 x 1 0 " M b / s e c - f t ; 

4. R - 1 1 3 : Mo.03 = 33.3 X 10"^ I b / s e c - f t . 

The r e p r e s e n t a t i o n in F i g . IV.8 d o e s not fully d i s c l o s e t he 
r a p i d d e c r e a s e in l iquid v i s c o s i t y . F o r e x a m p l e , the l iquid v i s c o s i t y of 
w a t e r d e c r e a s e s n e a r l y fourfold in a change of t e m p e r a t u r e r a n g i n g f r o m 
n o r m a l r o o m t e m p e r a t u r e to the n o r m a l boi l ing poin t . At the r e f e r e n c e 
r e d u c e d p r e s s u r e of 0.03 ( a p p r o x i m a t e l y 96 p s i a ) , the w a t e r l iquid v i s 
cos i t y h a s d e c r e a s e d by a fac to r of e ight f r o m the r o o m - t e m p e r a t u r e 
v a l u e . In addi t ion , the g r a d i e n t of v i s c o s i t y wi th t e m p e r a t u r e i s v e r y 
l a r g e for low t e m p e r a t u r e s . T h u s , ve loc i ty p r o f i l e s should be s ign i f i can t ly 
affected by s m a l l t e m p e r a t u r e g r a d i e n t s in the l iquid a s o p p o s e d to t h o s e 
found at e l eva t ed t e m p e r a t u r e s . L u m p e d p a r a m e t e r r e p r e s e n t a t i o n s at 
low t e m p e r a t u r e s would a p p e a r to be m o r e l ike ly to have s c a t t e r in c o m 
p a r i s o n of r e s u l t s than t h o s e at h i g h e r c o n d i t i o n s . 

The law of r e c t i l i n e a r d i a m e t e r s w a s app l i ed to the o r t h o b a r i c 
o r s a t u r a t i o n v i s c o s i t i e s by S t a r l i ng et al.^° Da ta for w a t e r w e r e e x a m i n e d 
g r a p h i c a l l y . A l i n e a r po r t i on o c c u r s above 400 p s i a . A c u r v a t u r e n e a r 
the c r i t i c a l point a p p e a r s a p p r o x i m a t e l y at 2800 p s i a . T h u s , the s u m of 
the o r t h o b a r i c d y n a m i c v i s c o s i t i e s may be w r i t t e n a s 

Mf + Mg = ai + b i ( l - T j . (IV .A-17) 

w h e r e ai and bi a r e c o n s t a n t s . If the law of r e c t i l i n e a r d i a m e t e r s he ld 
exac t ly , then ai would be equa l to tw ice the c r i t i c a l v i s c o s i t y , o r 

Mf + Mg 
2M '- 1 + - ' ( 1 - T , ) . (IV .A-18) 

The u s e of Eq . (IV.A-18) i n s t e a d of Eq . (IV.A-17) would m e a n tha t un i ty h a s 
r e p l a c e d a cons t an t with a va lue of 1.15 for the w a t e r da ta in the f i r s t t e r m 
on the r i g h t - h a n d s ide of Eq . (IV,A-18). 

At t h i s poin t , the r e d u c e d t e m p e r a t u r e m a y be r e p l a c e d by the 
o r t h o b a r i c - d e n s i t y d i f f e rence as g iven by Eq . ( lV.A-5) , y ie ld ing 

Mf + Mg 

2MC 
= 1 + ( c i / c ) 

P f + P g 

2P, (IV. A-19) 

O r . 

/ ^c Ci 
Mf + Mg = 2 M J 1 - C I / C ) + - ^ — ( p ^ + p ) 

^c ^ 
(IV.A-20) 



Mf + Mg = A + B ( P f + P g ) (lV.A-20a) 

where A and B are constants of a part icular fluid. Further r ea r r ange 
ment of the above expression can be made as follows: 

- ^ = — [ A + B P f ( l - n / p ) ] - 1, (IV.A-21) 

The values of the constants c and ci for water are approximately 0.636 
and 0.462, respectively, with Ci/c equal to 0.726. For the range of validity 
of Eq. (lV.A-21), the magnitude var ies from l /6 to l / 2 , which covers a 
saturation p r e s s u r e range from approximately 400 to 2800 psia for water . 

A further simplification of the viscosity ratio can be obtained 
by approximating the liquid viscosity by Eq. (IV. A-16) and utilizing the 
result from Fig. IV.7, that the orthobaric density ratio is nearly propor
tional to the reciprocal of the reduced p r e s su re , which then reduces 
Eq. (IV.A-21) to 

Mcr 
—S_ = D/3°" ' [ A+Bp , ( l + l//3)] - 1. (lV.A-22) 
Mf 

The effect of the viscosi t ies in the interpretat ion of single-component 
systems may be obscured by an empirical correlation in which the 
or thobaric-densi ty ratio may satisfy the variation in some system con
dition by a complicated function without including explicitly the viscosi t ies . 

The ratio of the dynamic liquid viscosity to the surface ten
sion can be expressed in t e r m s of Eqs. (IV. A-9) and (IV. A-16) as 

^ ^ [ ( M . / a ) 1 _ J M 3 4 L _ . (lV.A-23) 
a L ^' "-"Jp^/^d-P^)^ 

This rat io inc reases for increasing p r e s s u r e s . A comparison of the re fer 
ence constant for water and F-11 indicates a ratio of approximately 6.30 
for F-11 to water . Comparison of the resul ts at identical density ratios 
indicates that the rat io is approximately 6.6. 

The method of selection of the reference-reduced property for 
the liquid dynamic viscosity and the surface tension has no apparent 
theoret ical bas is from any c lass ical thermodynamic considerations. The 
par t icular reduced p r e s s u r e selected is a compromise in that the reference 
point provides agreement among the fluids in the neighborhood of that 
point. There is a deviation that grows as the data points extend further 
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away from the reference value. Thus, the segment of the reduced-pressure 
coordinate that spans the region of greates t interest and provides the 
closest approximation to a single representat ive function is chosen. The 
reference point is then the value that yields the least deviation over the 
range of interest . This result is not unexpected since it was pointed out 
ear l ie r in this section that no substance can be completely described in 
its equation of state by any proposal that contains only two adjustable pa
r a m e t e r s . Thus both methods of correlating the two fluid proper t ies are 
at best only approximations of the true variat ions, and were developed to 
facilitate calculation of the effect of each property on the flow topology. 

B. Dimensional Groups 

The problem of determining the conditions whereby a par t icular 
flow regime can exist and the transit ion from that regime to another could 
in principle be determined if the equations of motion, continuity, and state, 
together with the appropriate initial and boundary conditions and the con
stitutive relationships are known, and a solution obtained. In pract ice , 
very few solutions are obtainable for even the simplest of sys tems. An 
appeal is then made to methods such as dimensional analysis where the 
governing pa ramete r s are assumed from physical requirements . Another 
method is that of inspectional analysis , which applies the principle that, if 
a set of mathematical equations is invariant under a group, then the same 
is true of all consequences of these equations. Thus, a t ransformation is 
sought for the descriptive equations that will yield a similari ty condition. 
Both of the aforementioned methods require experimental evidence for the 
confirmation of the analysis. 

The transition between flow regimes can be considered as a hydro-
dynamic stability problem. The stability problem may be considered as 
follows: given a p re s su re field and a velocity distribution, which are an 
exact time-independent solution of the Navier-Stokes equations, the solu
tion is given an initial disturbance. If the disturbance dies out as t ime 
becomes large, the flow is said to be stable, if not, it is unstable. 
Chandrasekhar, among others , studied the l inear-stabi l i ty problem in 
unbounded flows. The l inear-stabil i ty approach neglects quadratic t e r m s 
in the disturbances. These t e rms give r ise to nonlineari t ies, which pro
duce difficulties in obtaining a solution. These quadratic t e r m s also damp 
the system and prevent an unbounded increase in the amplitudes and allow 
another flow to be established. Two methods of solution, which are stan
dard in the approach to the l inear-stabil i ty problem, are the Laplace 
t ransform in time with a study of the disturbances at large t imes ; and the 
normal-mode type of analysis in which variables are separated to p ro
duce a time-dependent function and a spatial-dependent function. The 
latter form is more prevalent in the l i te ra ture . The normal-mode analysis 
was applied by Tippets in a study concerning the liquid film stability for 



conditions approaching burn-out in forced convection. Moiss i s ' ' utilized 
the method in a study of the transi t ion from slug flow to homogeneous flow. 

The basic difficulty involved in applying the unbounded-flow-
stability resul t s is that the effect of the enclosure, such as in conduit flow, 
is generally neglected because of the complexity of the situation. An 
example in which the analysis for an essentially unbounded situation proved 
effective in a small confinement is the analysis of Taylor'^ for the in
stability of liquid surfaces accelerated in a direction perpendicular to 
their planes. The subsequent experimental investigation of Lewis''* in a 
ver t ical channel, whose c ross section was 2j by 1/2 in. provided ample • 
confirmation of the analysis . The effect of the channel walls was to 
develop the instability at a faster rate for the more viscous fluid. The 
velocity of propagation of gas columns upward through a liquid layer , 
initially given a downward acceleration, was proportional to the square root 
of the product of the radius of the gas tip and the sum of the gravitational 
accelerat ion and the initial acceleration. Taylor had initially shown that 
the rate of development of the instability was proportional to 

•J-/3+ 1 

where fi is the orthobaric-densi ty ratio. The transit ion from the slug-
flow regime to the semiannular may be related to this form of instability. 
Thus, as the system p res su re inc reases , the rate tends to decrease . 

The transi t ion from annular flow to the froth or semiannular flow 
may be charac ter ized as an instability in the vapor-liquid interface that 
leads to bridging of the channel. This problem was t reated by Moiss i s ' 
who assumed an infinite thickness of the vapor layer. The solution to the 
standard velocity-propagation equation (see, for example, Milne-
Thomson'^) for waves at an interface of two fluids bounded above and be
low by rigid horizontal planes is sought for a wave of small amplitude, 
which has a sinusoidal variation. The general expression may be writ ten 
as 

kp(V - c)^ coth(kh) + kp'(V' - c)^ coth (kh') = g(p - p') + ak^, 

(lV.B-1) 

where k is the wave number; c is the wave speed; a is the interfacial 
tension; p , V, and h are the density, velocity paral lel to the interface, 
and depth of the lower fluid, respectively; the primed quantities represen t 
the upper fluid; and g is the gravitational acceleration. This expression 
represen t s a combined Taylor-Helmholz instability for a constant velocity 
para l le l to, and an accelerat ion normal to, the interface. 
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and 

The following quantities are defined: 

W = Weber Number = pLV^/a, 

F = Froude Number = u Y g L , 

(IV. B-2) 

(lV.B-3) 

where U is a character is t ic velocity, and L is a charac ter i s t ic length. 
Thus, on substitution and rearrangement , Eq. (lV.B-1) becomes 

W-' + F - ' ( l -p'/p ) /(kL) ' = (kL) V - c coth (kh) 

(kL)(p ' /p) coth (kh'), (IV.B-4) 

The above equation has been rendered dimensionally invariant, and the 
dimensional groups are a Weber number, a Froude number, and the density 
ratio. In Moissis ' analysis for a vert ical wall, the second t e r m on the 
left-hand side does not appear, and as a consequence of taking the thickness 
of the vapor layer to be very large, coth(kh') is set equal to unity. The re 
sult is Eq. (10) in Moissis ' paper, which is 

Pf(-Vf - c) ' coth (kh) + P„(V - c) ' k a , (lV,B-5) 

where the subscripts f and g refer to the liquid and vapor, respectively. 
At this point, the above expression could be made dimensionally invariant 
and yield a Weber number and the density ratio. However, Moissis con
sidered the linearized stability solution and obtained 

(Vf+V, 
ak[ Pf coth (kh) + p 

p Pf coth (kh) 
(IV. B-6) 

The analysis continued with the assumptions that it was possible to neglect 
the interfacial shear, momentum changes, and p re s su re forces. The liquid-
film thickness was then obtained by a balance of the gravity and wall shear 
forces. The bubble r ise velocity was considered proportional to the square 
root of the piper diameter . A further assumption was made that the most 
unstable wave length could be expressed as ten t imes the film thickness. 
The solution still remained indeterminate, since the length of the liquid 
slug entered the expressions and no single value could be assigned to it. 
The length of the bubble was also a variable. Therefore the analysis was 
made on the basis of various possible bubble lengths. The limiting sta
bility cri terion was finally obtained as 



WE(0.2FR'/2 + C) ' = (3277/ l0)( l -h*) ' h*, (lV.B-7) 

where 

C = 0.35 + 2.8 exp(-1.06L*), (lV.B-8) 

FR = [(Qf + Qg)/Ap]VgDp, (IV.B-9) 

and 

WE = p _LJP coth (kh) (lV.B-10) 
* a p coth (kh) + 1 

where h* is h /D D is the pipe diameter , Ap is the c ross -sec t iona l area 
of the pipe, Q / A is the superficial velocity, and L* is the liquid slug length 
divided by the pipe diameter . The author then compared his resul ts with 
a i r -wate r data with the number of equivalent pipe d iameters for the bubble 
length as a pa ramete r . F r o m the graphical representat ion, it appeared 
that a bubble length in excess of ten d iameters was required to produce the 
transi t ion from slug to froth flow in comparing the calculation with visual 
observat ions. No limiting cr i ter ion was set in the work that would permit 
a bound to be made on the transit ion from slug flow to froth or annular 
flow. In reviewing the method of analysis , it appeared that Moissis was 
examining the transi t ion from annular to slug flow, not as was stated in the 
conclusions that the transi t ion was from the nonhomogeneous slug flow to a 
homogeneous fog or froth-flow region. 

The most significant portion of the preceding discussion of the 
l inearized stability problem is that a Weber number, Froude number, and 
the density ratio appear when the equations are rendered dimensionally in
variant. Since the effect of density ratio may be obscured in Eq. (lV.B-10), 
a further reduction may be made. For a thin liquid layer , the t e r m 
coth(th) can be approximated by l /kh and the following simplification made: 

P. L 
a (3 + kh • 

W E - P^^JL___, (IV.B-11) 

The wave length, given by 27T/k, is further reduced by the assumption that 
the cr i t ical wave length is approximately lOh. This yields 

gDo 1 
W E - P, i- ; - . (lV.B-12) 

f a j3 + 7r/5 
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Thus, for /3 » 7T/5, 

gDp gDp 
WE - p , „ = p„ - . 

i pa ^g a 

(IV.B-13) 

To i l lustrate the effect of increasing the saturation p r e s su re , the surface 
tension can be approximated by the difference in saturation densit ies to 
yield the Weber number in Moissis ' analysis as 

WE E (lVB-14) 
c p p j d - i/p)'-

which indicates the rapid r i se in the limiting-stability Weber number as the 
system p res su re is increased. 

The Froude number, FR, based upon the volumetric flow ra te , can 
be written as in Eq. (IV.B-9) in the following form: 

FR = (Q„/Ap)Ml + Q f / Q J V g D , 
'g/""P 

= (xGo/pc VgDp (lVB-15) 

where x is the mass quality, and GQ is the total mass flow rate per unit 
area . For a fixed flow rate and quality, the volumetric Froude number de
c reases with increasing systenn p ressu re . The volumetric Froude number 
does not appear to be a large factor in Eq. (IV.B-7) since it appears in the 
square-root form, and the magnitude of the Froude number in the a i r -water 
systems was in the order of 100. Therefore, its contribution is of the 
order of a factor of two added to the expression for C in Eq. (IV.B-8), 
Since bubbles do not appear to affect the r ise of another bubble when the 
separation distance is more than approximately five d iamete rs , the l imit
ing stability criterion should be encountered when the liquid-slug thickness 
approaches zero. Thus, the value of C approaches 3.15. The effect of the 
Froude number on this transition is then small for rather substantial 
changes in its value. 

A further estimate of the variation of the film thickness, h , for the 
limiting stability cr i te r ia is seen for the case in which the thickness is 
much less than the pipe diameter . F r o m E q s . (lV.B-7) and (lV.B-14), the 
film thickness is approximately proportional to the cube of the pipe diam
eter, inversely proportional to the density ratio, and inversely proportional 
to the cube of the liquid density. 



The question of the effect of viscosity on the analysis initiated from 
Eq. (lV.B-1) was in part answered by Bankoff,'" when he expressed the r e 
sult of equating the rate of viscous work to the rate of dissipation of energy 
in the wave in the form 

exp[-2k^t(M+ |U')/(p + P ' ) ] . (IV.B-16) 

Reference to Milne-Thomson''^ is indicated for the above expression. The 
instability cr i ter ion then becomes 

k < [ - g ( p ' - P ' V 4 ( M + M ' ) ' ] ' ^ ' , ( I V . B - 1 7 ) 

where M ^'^'^ M' a r̂e the viscosi t ies . At low system p re s su re s , the liquid 
viscosity would dominate the above expression. The use of Eq. (lV.A-20a) 
reduces Eq. (IV,B-17) to 

k < - g ( p ' - P'') 

4[ A + B ( p + p ' ) ]'J 

1/3 

(lV.B-18) 

The effect of viscosity would appear to be reduced at elevated p r e s s u r e s . 
Single-component fluids will suffer from the functional relationships that 
connect the various physical proper t ies . Thus, empirical expressions 
which employ only several of the many possible paramete rs can describe 
p rocesses if the functional relationship is made sufficiently complicated. 
The effects of surface tension and viscosity on the Taylor instability were 
investigated by Bellman and Pennington, and they concluded that surface 
tension has a damping effect on the instability but entered only to the 
one-fourth power in the resul ts . The effect of viscosity was shown to r e 
duce the rate of growth of the amplitude of the disturbance at any part icular 
frequency. Hunt' showed that Taylor instability is most affected by vis
cosity differences in the fluid when the density difference is large. When 
the ratio of density difference to the sum of the densities is large, the mode 
of maximum instability resembled the Taylor inviscid solution.'^ For 
small values of the rat io, the solutions resembled the resul t of 
Chandrasekhar '^ for equal kinematic viscosi t ies . In these l inearized 
analyses, the density ratio appears to play a prominent part . Thus, in 
flow-regime t ransi t ions, the density ratio apparently is the proper model
ing parameter to initiate an examination of the effect of elevated p r e s su re s 
and t empera tu res . Of course, other propert ies inust come into the control 
pa ramete r s to provide a precise distinction. 

The transi t ion from slug flow to semiannular flow may be described 
as a form of Kelvin-Helmholtz instability in the liquid bounded above by 
the base of a vapor bubble and below by the nose of a rising bubble. The 
flow of liquid may be idealized as flowing from the wall along the upper 
portion of the liquid and toward the wall in the lower portion. Instability 
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of the liquid portion may result when the outflow of liquid tends to exceed 
the inflow from above (that is , as the vapor bubbles tend to merge). This 
could occur as a spike of vapor rising along one side of the channel. If 
only the effect of surface tension is included, and the interfaces considered 
nearly parallel , the Kelvin-Helmholz instability is supressed when the 
velocity difference, expressed by Chandrasekhar, '^ is 

+ 1 ( p - l ) g a / P l ] ' / ^ (IV.B-18a) 

where Ui and U2 are the velocities parallel to the surface. These veloc
ities are not directly known as a function of input flow ra tes or the super
ficial velocities. The above expression shows that the velocity difference 
varies approximately as the square root of the density ratio, and the fourth 
root of the surface tension. F r o m Eq. (IV. A-13), 

(U1-U2)' < C(/3+ l)(Pi) 3/2 

( ^ ) 
5/Z 

(IV.B-I9) 

where C is a combination of the constants. Or, employing the absolute 
value of the velocity difference, one obtains for an equality 

|u, - U2I < C 2 0 + 1 ) ' / M P I ) ' ^ ' 
p - 1 5/4 

(lVB-20) 

where for large values of the density ratio, (^ + 1) ' may be replaced by 
P , and the last factor can be replaced by unity. Griffith suggested that 
the transition to annular flow from slug flow (more probably, semiannular) 
varied in the steam-water system in his investigation as approximately 
the square root of the density ratio for various saturation p r e s su re s . The 
form of the surface-tension relationship for water does not follow pre
cisely the relationship given in Eq. (lV.B-13). However, the above result 
is only approximate since the interface has some curvature and there is a 
viscous effect due to the flow near the walls. The velocity of the liquid 
flowing out of the space between the two vapor interfaces is a function of 
the height of the liquid space and the relative velocity of the approach of 
the two vapor spaces. 

The instabilities described in the preceding paragraphs do not take 
into account the interfacial work or any vaporization from the interface. 
It is also tacitly assumed that disturbances that predominate in the linear 
analysis would also predominate in the nonlinear formulation. Thus, the 
results should be taken as a possible guide to the fluid paramete rs that may 
govern the transit ions in flow regimes. 
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C. Proposed Similarity Method 

The thermodynamic propert ies of the Freons and water indicate that 
no single index of two independent proper t ies can be selected to establish a 
one-to-one correspondence between the fluids. Employing a reduced-
p re s su re or reduced- temperature cr i ter ion does not bring the fluids into 
a single universal relationship. An inner examination of the refr igerants 
as a group could be made on either of the above pa rame te r s , but the in
clusion of water as a fluid of interest a l te rs the problem. As an example 
of the breadth of the problem. Van der Walle and Lamein" determined that 
15 similari ty pa ramete r s governed the general flow equations for an axi-
symmetr ic ver t ical boiler under natural circulation. The problem at hand 
can be simplified to some extent by considering the conditions surrounding 
the present range of interest . 

In two-phase flow at elevated p r e s su re s , the question of what flow 
regimes exist is to be answered, as well as what the transi t ions are . Since 
the problem must be concerned with interfaces and their orientations, the 
surface tension and viscosity must be considered in addition to the densities 
of the phases . The liquid dynamic viscosity has been shown as a function 
of saturation p r e s su re , and it undergoes its greates t decrease near standard 
atmospheric conditions. Thus, large gradients should not be expected 
again until the fluid approaches the cri t ical region. The dynamic viscosity 
of the saturated vapor undergoes a relatively slow increase . For example, 
there is an approximate 30% increase for water vapor in the p re s su re range 
from 200 to 1000 psia, while it is only 11% in the range from 500 to 1000 psia. 
Thus, for the most part , the viscosity of the saturated vapor is relatively 
constant. The appearance of the ratio of dynamic viscosit ies of liquid and 
vapor in previous studies relative to void-fraction and p re s su re -d rop cor re la 
tions has found the ratio appearing to some fractional power. As was p r e 
viously stated in an ear l ie r section, the viscosity ratio ranges from 6 to 2 
for water over a p re s su re range from 400 to 2800 psia. The initiation of en
trainment in annular flow as indicated in Section II-B would be affected by 
the liquid viscosity and the surface tension. Fur ther , if the stability analyses 
of the preceding section are qualitatively correct, then the orthobaric-densi ty 
ratio would become a major factor in the flow pat terns in the elevated p r e s 
sure region. Since surface tension may not play the major role in governing 
the phase distributions, it would be more advantageous to fix the or thobar ic-
density ratio and examine the ensuing flow pat terns . Thus, the test pa ram
eters are formulated on the basis of a se r ies of experiments at 
orthobaric-density rat ios that are in accord with existing information 
concerning water-flow pat terns at high p r e s s u r e s . The variables within 
each set will be the mass flow rate and the thermodynamic quality. 
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V. EXPERIMENTAL APPARATUS AND OPERATIONAL PROCEDURE 

A closed forced-circulation loop was designed and constructed with 
provision for the inclusion of a three-unit , interchangeable test facility 
composed of a heated test section, a transition section, and an unheated 
test section. The loop was designed for operation with tr ichloromono
fluoromethane, Refrigerant-11, as the fluid. Auxiliary systems for the 
void-fraction determination, the X-ray monitoring of the flow pat terns , 
and the photographic tests were developed. The principal i tems will be 
considered individually. 

A. The Forced-circulation Loop 

The closed forced-circulation loop was constructed of welded 
stainless-steel components with the exception of several flanged connec
tions, which were included for interchanging various elements of the 
equipment. A flow diagram of the loop is shown in Fig. V.l . 
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Fig. v . l . Schematic Diagram of Forced-
circulation Loop 

A Westinghouse, Model 30-A, totally enclosed, centrifugal pump 
was employed in the loop. It was originally designed for operation with 
water as a fluid with an inlet p ressu re of 2000 psi and water temperature 
of 600°F, and its rated head of 35 psi at 20 gal/min was attainable by 
water at 600°F. In operation with R-U as the fluid, the pump delivered a 
head in excess of 50 psi for the major portion of the test runs. 



The flow proceeded from the pump through a 1-in., Schedule-40 line 
and passed through a three-valve manifold, through a sharp-edged orifice, 
and into a horizontal preheater . From the horizontal preheater , the flow 
entered a ver t ical preheater and then passed through the main throttling 
valve into the ver t ical test unit. Flow exited from the test unit into a 2-in., 
Schedule-40 line, where it could be directed into one or both of the horizon
tal condensers by control valves in the line. Condensate flowed through a 
horizontal subcooler and into a downcomer connected to the suction of the 
pump. A by-pass line was included in the system around the pump. The 
loop was supported by constant-support hangers located on each condenser 
at the vert ical test unit. The loop was insulated by a combination of 
1-in.-thick, molded-magnesite pipe insulation and bats of 1^-in.-thick, spun 
fiber glass with an aluminum-foil backing. 

The horizontal heater was a 6-in. pipe, 5 ft long, containing three 
Calrod heaters each rated at 7j kW. Two of the heaters were wired for 
on-off operation; the third was connected to a variable t ransformer . The 
horizontal heater contained a vent line in which a rupture disc assembly 
with a p r e s s u r e rating of 1000 psi was inserted. These heaters were only 
employed in the h igher -p ressure test ser ies to eliminate excessive sub
cooling of the fluid. 

The vert ical preheater consisted of a 3-in. pipe, 2 ft long, contain
ing three Calrod hea te rs , each rated at 2 kW. Two of the heaters were 

. wired for on-off operation; the third was connected to a variable t r an s 
former for fine control of the inlet-fluid temperature . 

The two horizontal condensers are identical in design and consisting 
of four 3/8- in . -diam U-tube units mounted in a 6-in., Schedule-40 pipe. 
Cooling water was directed into the tubes through a sharp-edged orifice for 
flow measurement . Control valves were located in the cooling-water line 
before and after the condenser. Thus, a condenser could be effectively 
removed from the system by excluding cooling water from it. The control 
valve at the cooling-water exit permit ted operation of the condenser at 
conditions where pressur lza t ion of the cooling water was necessa ry to 
suppress boiling in the cooling-water tubes. A vent line from each con
denser contained connections for a vacuum line and a rupture disc assembly. 
Each cooling-water supply line contained a check valve upstream of each 
unit as a safety precaution against a tube rupture. 

A horizontal subcooler was constructed of 6-in., Schedule-40 pipe, 
2 ft long, and contained two 3/8- in , -diam U-tubes. The cooling-water 
system for the subcooler was designed in a s imilar manner to the cooling-
water system for the condensers. 

Flow rates in the loop were determined from the p r e s su re -d rop 
measurements obtained from a sharp-edged orifice connected through 
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flange pressure taps to a different ial-pressure t ransducer . Lengthy hor i 
zontal lines were run from the orifice location to the t ransducer to eliminate 
variable-density effects in p r e s su re -d rop measurements . Standard ASME 
orifice flanges were employed in the system, and three sizes of orifice plates 
were constructed. The orifice p r e s su re gradient was t ransmit ted by the 
differential-pressure t ransducer to a chart recorder , and the output was 
monitored on a Wheatstone-bridge potentiometer. The orifice flow was 
calibrated by an in-place, weigh-tank test. Three temperature-compensated, 
differential-pressure t ransducers were employed with ranges of 0 to 1 psid, 
0 to 2 psid, and 0 to 5 psid. Each t ransducer was calibrated m a separate 
known-pressure facility. 

The cooling-water flow rate for each unit was determined by employ
ing a standard orifice plate connected across a 60-in. manometer . Each 
orifice was calibrated by the use of the standard weigh-tank test. 

To reduce flow oscillations induced by the pump and preheater sys 
tem, the major p ressu re drop in the system was taken across a throttling 
valve approximately 5 ft from the inlet to the test section. The high p r e s 
sure developed by the pump was isolated by the throttle valve and provided 
a means of suppressing boiling in the preheaters located between these two 
components of the system. The flow rate to the test section was also 
controlled by the throttle valve. The amount of fluid in the system and the 
conditions in the condensers set the p r e s su re level in the loop. 

The loop had a capacity of slightly less than 5 cu ft, which r e p r e 
sented a charge weight of 450 lb of R-11 at room temperature . To operate 
at the various test conditions, an accumulator system was installed so that 
the fluid could be charged into, or withdrawn from, the system on the suction 
side of the pump. The accumulator was of the shell-and-bag type construc
tion with nitrogen as an operating gas for pressurlzat ion. A separate tubing 
network permitted the charging of the accumulator from a tank of R-11. The 
accumulator could be by-passed and the loop charged directly from the R-11 
tank. 

A separate installation was employed for distillation of the R-11 
before charging the loop. The R-11 took on a yellowish cast when heated 
without prior distillation. This was due to an inclusion of a foreign sub
stance in the commercial grade of the fluid. Distillation prevented a 
recurrence of the yellow cast to the fluid and is recommended for exper i 
ments in which the common, commercial refrigerants are employed. The 
source of R-11 for these tests was the E. I. DuPont Company, whose trade 
name for the refrigerant is Freon-11 . Thus, it is more consistent to employ 
the term F-11 rather than R-11 for the-fluid in these tes ts . 

The thermocouple locations are indicated in Fig. V.l . and represent 
the fluid and cooling-water tempera tures . The thermocouples were shielded 
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iron-constantan, 24-gauge units and were calibrated in a hipsometer-type 
unit. Output from these thermocouple units were connected through a 
selector switch-box assembly and an ice-bath cold junction to a Wheatstone-
bridge potentiometer. The accuracy of the thermocouples was within one 
degree over the temperature range employed. 

Figure V.2 shows the instrumentation equipment and controls in an 
isolation location from the flow loop, which was shielded from the labora
tory area by aluminum sheeting. 

PREHEATER CONTROL 

UNIT 

MANOMETERS FOR 
WATER FLOW 

PRESSURE DROP 
RECORDING UNIT 

TEST SECTION 
PRESSURE GAGES 

POWER 

NSTRUMENTATION 

VERTICAL VOID 
TRAVERSE CONTROL 

HORIZONTAL VOID 
THERMOCOUPLE SELECTOR SWITCH > TRAVERSE CONTROL 

Fig. V.2. Instrumentation and Control Location 

The local p r e s su re drops in the vertical test section were obtained 
from the output of temperature-compensated p ressu re t ransducers and 
recorded on a Sanborn Model 150 recorder . These t ransducers were of the 
different ial-pressure type and varied in range from ±1 to ±15 psid. The 
range of the system pressu re , flow rate, and distance between the taps 
determined the t ransducer unit employed. The t ransducers were calibrated 
for a range of output from 0 to 10 mV to cover the full-scale p ressu re 
rating of each unit. Each transducer was calibrated by applying a known 
differential p r e s su re and reading the output of the transducer on a 
Wheatstone-bridge potentiometer for a fixed excitation voltage. 



The Sanborn recorder consisted of a four-channel unit with three 
stabilized d.c. preamplifiers capable of reproducing the waveform of an 
input signal from 0 to 10,000 cps with a sensitivity of 0.1 mV per division. 
The performance data with driver amplifier and recorder indicated a 
frequency response of 0 to 100 cps, a recording system drift of approxi
mately 0.1 division per hour, and a recording system sensitivity from 0.1 
to 0.2 mV per division. A low-level preamplifier with zero suppression 
was employed periodically to examine the output of the p ressu re t ransducer 
across the flow orifice. 

The Sanborn recorder had a horizontal chart plane with nine chart 
speeds from 0.25 to 100 m m / s e c . A stylus marker recorded 1-sec time 
intervals on the chart. The width of each recording section was 5 cm, and 
the stylus was zeroed at the center of each str ip. The desired attenuator 
scale was calibrated at intervals during a set of tests to eliminate the effect 
of drift. The attenuator had 11 selector settings from 1 to 2000. 

A portable, Sciaky ignitron-controUed, power supply provided a.c. 
power for the test section. The power supply contained two separate t r ans 
former units, which had an input voltage supply of 440 V. The ignitron units 
controlled the phase shift in the power cycle, and the power control was 
continuously variable over the test range. Occasional line-power demands 
external to the test unit caused a slight drift in the power to the test section. 
These slight excursions were noted, and the time for equilibrium to occur 
in the test system was extended to compensate for the shifts. Any shift 
during a test was sufficient cause for eliminating that par t icular run. Since 
the power supply was water-cooled and an interlock trip connected to that 
circuit, a high external demand for water would, on occasion, produce a 
power-trip. 

The electrical energy input to the test section was measured by two 
methods. The power input was obtained directly from a portable Weston 
wattmeter. In practice, two separate wattmeters were employed, depending 
upon the power level. The power input was also obtained by utilizing an a.c. 
Weston voltmeter and an a.c. Weston ammeter . These units were typical 
portable units with l/4% precision of full scale. These units were calibrated 
by comparison with units of standard known outputs. The current across the 
test section was reduced by a step-down transformer so that s tandard-range 
instruments could be used. 

Three Heise bourdon-tube p re s su re gauges were incorporated into 
the loop for the determination of the static p re s su re at the inlet of the heated 
section, at the inlet of the unheated section, and in the horizontal preheater . 
Calibration curves were obtained for these gauges by means of a deadweight 
test. A maximum deviation of 3/4 psi was noted in the up-and-down cal i
bration tests for these units over the test range of p re s su re s . A comparison 
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of the indicated p r e s s u r e with the corresponding temperature in the test 
section, when it was occupied by a saturated vapor, indicated a negligible 
deviation from the saturation temperature corresponding to the p r e s su re . 

Iron-constantan thermocouples were attached to the heated section 
with glass tape. One thermocouple was approximately 6 in. below the exit 
from the heated section, and another was approximately 6 in, above the inlet. 
The output of the couples were connected to Brown Pyr-O-Vane tempera ture -
indicating units with scales from 0 to 600°C. A var iable- tempera ture 
selection tr ip was connected to the power-supply interlock, thereby per 
mitting any wal l - t r ip tempera ture to be selected. In general, the setting 
was made at approximately 400°C. Normally, a r i se in wall temperature , 
indicating the overheating of the test section, was readily noted, and the 
power decreased or the flow increased. Operation of the unit at t empera
tures in excess of 600°F would result in a breakdown of the fluid and 
produce a "coking" in the heated section if prolonged periods at these high 
temperatures were sustained. Several instances were noted of the wall 
temperature rising to a high value and then diminishing to a value somewhat 
of the order of the setting before a change in the power or in the flow. 

B. The Test -sect ion Assembly 

The vert ical tes t -sect ion assembly consisted of a heated section, 
a transit ion section, and an unheated section. Two units •were designed to 
operate as heated sections: one, a rectangular section, and the other, a 
round tube. The transit ion section was designed to provide a smooth t r an 
sition from the circula'r to the rectangular conduit. The unheated section 
was of rectangular cross section, with p ressu re - t ap locations along the 
minor dimension. 

Figure V.3.is a c ross-sec t ional view of the rectangular test unit 
designed to incorporate a visual access port for photographic studies of 
the flow pat terns . The heater element was constructed of A-nickel with 
outside dimensions of 1.250 by 0.625 in. and a wall thickness of 0.125 in. 
This element was electr ical ly insulated from the containment shell by 
Durabla insulation s t r ips . Thermocouples were inserted through the 
Durabla into the a rea at the outer surface of the heater element and elec
t r ical ly insulated from the heater by thin sheets of mica. The p re s su re 
jacket and cover plates were machined from Type 304 stainless steel. The 
total length of the unit after assembly, was 44j in. The visual access win
dows were 35 in. long and were located on the minor dimension of the 
heater element. Single sections of optical glass were employed with nom
inal dimensions of I j by 3/4 in. by 36 in. long. The p ressure - jacke t 
assembly is sho'wn in Fig. V.4. 
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Fig. V.4. P re s su re Jacket and Inner-section Assembly 
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Several problems were encountered in providing a leak-free a s sem
bly of the rectangular heating unit. The assembly of the components of this 
unit required that a single copper bus bar be soldered to the A-nickel 
element; then this unit was inserted into the p ressu re jacket in which the 
thermocouples and Durabla insulation had been placed on one side. The 
Durabla insulation for the other portions were then inserted, and the unit 
clamped at the bus bar end. Heater strips were then placed in the inner 
section, and dry ice was applied to the outer jacket. The purpose of this 
procedure was to provide the maximum expansion possible in the inner 
element. The final, terminal copper bus bar was then attached to the a s 
sembly. Slight cracks developed initially in the nickel element, which 
produced substantial leakage under p ressure . This problem was somewhat 
masked by the failure of several glass sections during assembly and testing. 
In addition, the glass sections required extensive assembly t r ia ls , since 
many failures resulted from improper loading procedures. Appendix D con
tains the loading procedure developed by t r ia l and e r ro r for the assembly 
of long, glass units. Continued modifications of the nickel rectangular 
section were required. A narrow groove was machined around the periphery 
of the nickel section to provide a better sealing surface for the gasket between 
the glass and the metal section. Since sealing the rectangular section 
presented a lengthy delay in the tes ts , a Type 304 s ta inless-s teel tube of the 
same length as the rectangular section was assembled with copper bus-bar 
attachments and included in the loop. The electrically heated tube had a 
heated length of 34j in. and an ID of l-g-in. The use of this unit reduced the 
upper limit on the qualities obtainable ^vithout undergoing a burn-out. 

The transit ion-section assembly, shown in Fig. V.5 consisted of a 
rectangular inser t "with a c i rcular- to-rectangular transition cone, and a 
2-in., Schedule-40, s ta in less-s teel pipe, which added rigidity to the system 
and provided a standard flange connection to facilitate interchangeability of 
components. The rectangular transition piece was drawn from Type 304 
s ta in less-s tee l tubing with a resultant internal section 1.050 by 0.380 in., 
with a tolerance of ±0.005 in. and an overall tolerance of ±0.003 in. The 
wall was l / l 6 in. thick, and the total length was 36 in. The inser t was 

PIPE ENCLOSURE 

RECTANGULAR SECTION 

PRESSURE TAP 

Fig. V.5. Transit ion-section Cuniponents 
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welded into an end piece, and a p ressure - tap hole was drilled and deburred. 
The pressure- tap fitting was l /8 - in . tubing, welded into a countersunk hole. 
A thermocouple fitting was welded to the wall of the pipe, and a shielded 
thermocouple was inserted so that it butted against the insert . The location 
was approximately 4 in. from the exit. 

Figure V.6 is an assembled view of the rectangular, unheated, test 
section. The rectangular-flow channel was formed of the same mater ia l as 
the transition piece, and identical tolerances were maintained. The overall 
length of the section was 4 5 | in. after Heliarc welding of the end plates. 
Backup plates added rigidity to the vinit and were insulated from the inner 
section by Durabla gaskets. Between the cover plates, metal spacers con
strained the section in the minor dimension. The void t raverses were made 
at locations between these spacers . Several spacers were removed at the 
location of the fluoroscope centerline to provide an uninterrupted path for 
the X-ray beam. A slot was milled in the two cover plates to provide an 
access port for void t raverses normal to the major dimension. 

Fig V.6. Unheated, Rectangular, Test-section 
Assembly 

Local pressure-drop measurements were made in the unheated 
section. The four pressure- tap holes were constructed by welding l /8- in . 
tubing into countersunk holes, which were drilled through the section and 
the end plates with subsequent deburring. The tubing was run horizontally 
to the exterior of the enclosure surrounding the ver t ical - tes t -sect ion a s 
sembly to eliminate any variation in density in the vertical legs of the 
tubing connected to the differential-pressure t ransducers . P r e s s u r e -
gradient measurements were made across three elements of the unheated 
section. The length between taps for the overall p ressure drop was 4 4 j | in. 
The intermediate length was 14j|-in. between the two taps located on the 
unheated section; the length was 14 | | in . for the p ressure -drop measure 
ment at the exit end of the unheated section. 

The rectangular sections were aligned by inserting a rectangular 
block with a connecting rod into the space between the sections, and by 
tightening the flange bolts. The spacing block was then removed from the 



units. Durabla gaskets were employed between all flanges and formed an 
effective seal after the system had been heated. Movement between the 
sections was greatly inhibited. This became apparent when attempts to 
d isassemble the sections were made. Thermal insulation of the sections 
was effected by layers of spun f iber-glass insulation. The outer wrapping 
was covered with bonded aluminum foil to reduce the radiation loss. 

C. The Fluoroscope Monitoring System 

Flow patterns in h igh-pressure systems were observed by Johanns*" 
through the combination in a fluoroscopic system of an X-ray tube, coll ima
tor, image-intensif ier tube, and a television monitoring network. The 
investigation by Johanns into the feasibility of employing standard X-ray 
equipment for the delineation of flow patterns encompassed an examination 
of the absorption charac te r i s t ics of various containment mater ia ls which 
could be utilized with h igh-pressure water sys tems. The use of single 
photographic plates with X-ray sources is commonplace in many industrial 
fields and has been employed in two-phase flow investigations, as for exam
ple in the work of Bennett, ^ al. However, the pr imary question of whether 
sufficient detail could be obtained from a continuous observation of moving-
flow configurations was in doubt. The principal problem was whether 
sufficient high-energy photons from the X-ray source could penetrate the 
conduit walls and still be of low enough energy to meet the absorption r e 
quirement in the fluid. 

The examination of the absorption character is t ics of X-ray photons 
of various energy levels in water, steel, titanium, and aluminum by Johanns 
provided the information required for the use of a s imilar installation in 
this investigation. Both titanium and aluminum are better conduit mater ia ls 
than steel for the X-ray system. However, the problem of the strength of 
the mater ia l s under high p r e s su re s mitigated a compromise in the high-
p r e s s u r e water studies. Such a problem is reduced in severi ty for systems 
incorporating the common refr igerants as a working fluid. Thin-wall s tain
less steel was sufficient for the present study. 

The schematic layout of the fluoroscope system is shown in Fig. V.7. 
Due to the shielding requi rements , the X-ray and fluoroscope location was 
fixed at approximately 150 equivalent diameters from the exit of the heated 
section. The X-ray beam was collimated at the X-ray source and was also 
coUimated near the test section by movable lead panels, which reduced the 
background radiation to a safe level. The X-ray beam t raversed the un
heated rectangular test section in a path normal to the minor dimension. 
The vidicon image-intensif ier unit was adjusted at a distance from the test 
section to provide a magnification of approximately four to one when the 
image was t ransmit ted through the television camera unit to the monitor 
screen. The lead shielding employed as a collimator also prevented any 
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high-intensity sources from 
becoming incident upon the 
fluoroscope screen. High con
t ras t in the intensities incident 
upon the unit would either 
"burn" the fluoroscope screen 
or, in the minimum, prevent a 
sharp contrast in the image 
desired. An optical m i r ro r 
arrangement incorporated into 
the fluoroscope unit permitted 
the observation of the 
f luoroscope-screen output. 
The image viewed at this posi
tion was not magnified to any 
degree and presented a sharper 

picture of the flow pattern. As a safety precaution, the m i r r o r arrangement 
was not continuously employed. 

The operating conditions for the X-ray unit were determined by 
balancing the level of sharpness obtained by increasing the current level at 
fixed voltage with the increase of image persis tence at increasing current 
levels. The operating conditions for the television viewing for the present 
investigation were a voltage of 120 kV and a current of approximately 3 mA. 
At high fluid flow rates, the image would tend to pers is t for higher currents . 
Therefore, the precise setting of the unit was dependent upon the flow 
conditions. 

Fig. V.7. Schematic Diagram of 
Fluoroscope System 

As with most visual observations, the viewer develops a d i scr imi
nating eye, which tends to render the observations subjective rather than 
objective. This is unfortunately true of both single photographs and motion 
pictures. Thus, the description of an event can at most be consistent with 
another event, only if the observer asser t s the same cr i te r ia for the desig
nation of similarity. To remove some element of observer prejudice, the 
randomized block type of factorial test program is ideally the best form of 
test selection. The major problem of the time required for the present 
system to reach equilibrium was a counterbalancing factor in deciding the 
form of the actual test program. To provide operating experience in the 
observing of flow patterns, the system was maintained in natural circula
tion, and the developing flow patterns were observed. A significant aid in 
the initial observations of plug flow was obtained by observing the void 
t raverse chart recorder at fixed position some distance below the X-ray 
equipment. The rapid response of the chart pen to both bubbles and vapor 
slugs yielded an indication that the pattern was nearing the monitor field. 
The interfaces were in sharp outline with the liquid appearing as the darker 
element. The churn patterns were quite clear in the alternating downflow 
of the liquid. In annular flow with large-amplitude waves, the walls of the 
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section appeared to oscil late, since the liquid film was the darker element. 
The obvious uncertainty of whether a liquid bridge or a liquid annulus 
passed could not be rectified from the television monitor alone. The s imul
taneous recording of the local p r e s su re drop and its corresponding osci l la
tions was a secondary method of rectifying the uncertainty, although a band 
of flow conditions could be ascribed to one flow regime or another. The 
use of the high-speed, color motion pictures added another dimension to the 
determination of the flow pat terns . 

The determination of what is seen in the television monitor becomes 
less distinct as the liquid and vapor velocities are increased. The percep
tion of high-velocity droplets in an annular core would appear at best as 
s t reaks for high concentrations. As the system saturation p re s su re is 
raised, the difference in vapor and liquid velocities decreases and the pe r 
ception improves for a given quality and flow rate. However, as the densities 
become more near ly of the same magnitude, the difficulty again a r i ses in 
distinguishing between the phases. The range of usefulness of the fluoroscope 
system is thus confined to moderate velocities for h igh-pressure systems 
when direct viewing is employed. It is possible, however, to record the 
p rogram on video tape for repeated vie^ving, which should provide a better 
background for judgment. The photographs taken by Johanns were not of 
sufficient quality to employ as single frame reproductions. Therefore, 
this study did not attempt to produce any of these films. 

D. Photographic Equipment and Techniques 

The use of still photographs and high-speed motion pictures to r e 
cord the various flow regimes in two-phase flow has been prompted in par t 
by the var iance in visual interpretat ions of flow pat terns . Unfortunately, 
even high-speed motion pictures have not clearly dissipated the personal 
interpretat ion of the events recorded in the film. One difficulty has been 
the inability of an observer to in terpre t an oddly-shaped region as being 
either liquid or vapor. With the advent of higher-speed, color film, the 
delineation of bubbles and droplets in two-phase flow has been greatly im
proved. A two-color lighting system was described by Cooper, Hewitt, and 
Pinchin.*' A single-color light source (say blue) is directed from above 
the plane of vision at a narrow angle to the normal , and a second light source 
(say red) is directed from below in a symmetr ica l position. With the lighting 
arranged in the above manner, a vapor bubble will be seen as possessing a 
blue upper surface and a red lower surface. A liquid droplet, on the other 
hand, will have a red upper surface and a blue lower surface. The a r r ange 
ment shown in Fig. V.8 was employed in the present photographic study in 
which a Fastex camera with framing speeds up to 8000 frames per second 
was utilized. The camera was tilted at a slight downward angle. 
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BACKGROUND 

The Fastex camera 
was equipped with a WoUensak 
2-in., 50-mm lens with a 
1/2-in. extension tube. The 
camera lens was located ap
proximately 1 ft from the outer 
edge of the glass section. The 
illumination was obtained by 
arranging four 300-W photo
graphic lamps as shown in 
Fig. V.8. The film employed 
in the tests was Eastman 
Kodak ERB color film. 

Fig. V.8. Schematic Diagram of High
speed, Color, Motion-picture 
Arrangement 

Lighting arrangements 
are normally set by the par 
ticular phenomenon to be 
studied. For example, an 
annular liquid film on the wall 

and liquid droplets in the core would require a lighting arrangement similar 
to the one described above when large-amplitude waves may be present on 
the liquid surface. For the above lighting sequence, the high-amplitude 
waves would have a red surface, whereas low-amplitude waves would lose 
the predominant red color and appear as dark lines in the liquid surface. 
Since the liquid film and the wave move at rather low speeds, the subse
quent camera speed need not be very fast. The liquid droplets in the core 
may have velocities in the order of 100 ft/sec and require very high camera 
speeds to slow down the action. 

The effects of various types of lighting arrangements and the results 
obtained from these methods should be mentioned. The two general methods 
for illumination are incident and transmitted light. Incident light is t r ans 
mitted in the same general direction as the point of viewing. The back 
reflectance is the source for photographic viewing, although the majority 
of the light is transmitted through the test section. This method is some
what insensitive to the many high lights and configurations when a narrow 
angle of incidence is involved. With obliquely-lit surfaces, such as described 
above, the sharp outline of waveforms such as appear in annular flow are 
given large degrees of contrast. 

Transmitted light produces refraction effects and thus allows a 
survey of small refraction effects. Bubbles appear in profile and are more 
sharply defined. Three types of transmitted light are employed: 
1) collimated or focused systems, 2) diffuse systems, and 3) dark-ground 
systems. • 



The f irst sys tem is employed to examine dimensionally-small 
effects. The light must t ravel through the liquid in the rea r of the test 
section before passing out of the section, and thus variations in intensity 
a re sometimes incorrec t ly interpreted. The use of a m i r r o r or p r i sm 
can reduce the observer e r ro r . 

The second system avoids the variation of intensity as described 
above but also reduces the amount of information that is conveyed. The 
third sys tem depends on reflection and refraction at interfaces that yield 
sharp contras ts , but the evaluation of the resul ts is again in doubt. 

In the present system, a light background was used to ra ise the 
general intensity during the high-speed, motion-picture study. The general 
effect was the t ransmiss ion of a background through the liquid, During the 
presence of bubbles, there was very little t ransmiss ion of background light. 

E. Void Distribution by Gamma-ray Attenuation Method 

The volumetric vapor void fraction is determined through a tech
nique described by Hooker and Popper.°^ Its principle is based on the 
absorption of photons as gamma rays pass through the mater ia l , \with the 
intensity decreasing exponentially with the distance t raversed. The amount 
of absorption is proportional to the intensity of the radiation and to the 
thickness of the mater ia l at a given point. Thus, 

dl = - u j d s , (V.E-1) 

where 

I = intensity of radiation (R/hr), 

1 - l inear absorption coefficient of the mater ia l 
t r ave r sed (cm"M, 

and 

ds = thickness of the mater ia l t r aversed (cm). 

For a collimated beam of monoenergetic gamma rays of initial intensity I,,, 
integration of the above equation yields 

I = lo exp(-Uas), (V.E-2) 

when s is the mate r ia l thickness. 

Three assumptions a re inherent in this method: 1) the gamma r a 
diation is monoenergetic, 2) the vapor mixture can be represented by 
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layers of vapor and liquid perpendicular to the incident radiation, and 
3) the radiation received by the scintillation crystal passes only through 
the vapor-liquid mixture. 

Deviations from the second assumption were considered by Hooker 
and Popper.^^ 

The physical arrangement of the gamma-ray unit is shown in 
Fig. V.9. A thulium-170 source, which decays to ytterbium-1 70 by beta 
emission, is contained in a lead shield, and the emission beam is directed 
through the test section onto a scintillation crystal mounted on the face of 
a photomultiplier tube. This assembly is shielded from extraneous light 
and is cooled by a water jacket to maintain the unit at constant temperature. 
The light output of the fluorescent crystal is proportional to the incident 
radiation. Thus, the current output of the photomultiplier reflects the 
amount of absorption of photons. The current output of the photomultiplier 
is amplified and recorded by an inking pen on a continuous recorder . The 
system is calibrated by taking readings for the test section filled with 
liquid and then with vapor at the same test p ressure . This form of cali
bration is not always readily obtainable, and a correction chart may be 
obtained for correction factors obtained at normal p ressu res and tempera
tures. (See Appendix B for correction factors.) 

SOURCE 

J^^>^ 

f l ( M 

^ ^ ^ ^ H S M I ^ ^ ^ ^ ^ ^ ^ 

IM| 

P.M. TUBE HOLDER 

TRANSITION SECTION 

Fig. V.9. Void-traverse Equipment 
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The source employed in these tests was a 23-R unit at 2 in. The 
ver t ica l sli t at the photomultiplier-tube receptacle was l /32 in. wide. The 
horizontal t ravers ing length was set at approximately l /2 in. so that the 
tes t -sec t ion wall would also be t raversed . The output from the 
photomultiplier-tube unit was recorded on a 0-10-mV str ip recorder with 
a chart speed of 3 in . /min . The t ravers ing speed was set so that a com
plete t r ave r se of the section across the narrow dimension required 4 to 
5 min, which corresponded to a t race of approximately 13 in. 

The void- t ravers ing unit is shown in Fig. V.9 in a position along 
the transit ion section. The ver t ica l - t ravers ing system was designed for 
variable speed so that a camera could be inounted on the assembly and 
photographs taken along the vert ical direction. In the void- t raverse appli
cation, a rapid ver t ical movement was not required. The horizontal-
t r ave r se mechanism was designed to incorporate a constant-speed motor 
drive with an interchangeable worm-gear drive for maintaining low 
translat ional speeds. To maintain alignment, both the source and photo
multiplier assemblies were driven from the same shaft. The location of 
the wall on the void t race was easily obtained since the passage of the 
t r ave r se ac ross the wall produced a minimum in the void t race as the 
t r ave r se passed out across the Durabla gasket between the rectangular 
test section and the cover plates. 

The constancy of the t ravers ing speed was examined by measuring 
the distance along the void t race at a given level near the point of entry 
into the wall. As the void profile passed into the wall, a straight line 
could be passed through the t race on both sides of the profile, which pe r 
mitted a check on the repeatabili ty of the spacing. The major e r r o r 
involved in these void measurements occurred at the location near the 
wall v/here a large gradient existed in the t race . The areas involved 
represented one-sixth of the total area . 

The local void fraction can be obtained from the output signal of 
the photomultiplier tube, which is recorded on the s t r ip recorder when 
the output signals for the full (liquid) and empty (vapor) conditions in the 
channel a re known, since the relationship for local void fraction is given 
by 

In (v;/vTr) 
'^i =, , ^ V' (^-^-^^ 

In (vj^/vp) 

where v is the output signal, and the subscripts E and F represen t the 
empty and full signals, respectively. The cross section was subdivided into 
12 segments and the mean value recorded for each segment. Empty and full 
readings at the same locations were also recorded severa l t imes during 
each test period. These values were then reduced to local void fractions by 



70 

a digital-computer program. The average of these local void fractions 
yielded the mean value of void fraction for the test section. 

The vertical placement of the void t raverse was readily controlled 
through the instrumentation. All void measurements were taken at a level 
slightly above the lower p re s su re tap for the intermediate p r e s su re drop. 
Several runs were made at various positions along the unheated section, 
but the results showed no significant variance. Thus the tests were con
ducted at a position approximately 120 equivalent diameters from the exit 
of the heated section. 

The basic assumption made in these resul ts is that the time of 
t raverse was long enough, and the local cross section small enough, that 
the time average and the space average were identical. The sensitivity of 
the unit was sufficient to respond to a vapor plug, at no liquid flow, with 
rapid sweep from full to empty when the t raverse was stationed at some 
channel position. 

From the results of previous test p rograms, it was estimated that 
a maximum er ro r of 10% in void determinations is to be expected. Very 
little drift was noted in the empty-full readings taken over a 4-hr period. 

F. Test Procedure and Data Analysis 

The procedures for charging, operating, and cleaning the loop are in
cluded here. The physical burn-out of several preheater elements and test 
sections occurred during the testing period. The possible causes and 
techniques for prevention of recur rences of these failures are described. 

In operation, the loop was stable for the most part . However, several 
instances of flow instabilities within the loop were observed in which flow 
fluctuations were so large and expanding in amplitude that the power supply 
and pump were dropped from service. These high instabilities resulted 
when a rapid, large change in either flow or power was attempted. The 
operational procedure was modified to prevent recur rences of these 
excursions. 

The destruction of several preheaters was due to a combination of 
factors. In the initial design of the horizontal preheater , a baffle ring was 
placed over the heaters where the fluid entered the heater . This baffle 
prevented fluid circulation near the point at which the heater elements 
entered the horizontal section. This situation resulted in a failure of a 
heater during the initial shakedown of the loop. During the initial operation 
of the loop, a vertical heater was also destroyed due to a faulty heater e le
ment. Destruction of the heaters produced deposits in the system, which 
were removed by filling the loop with alcohol, heating, pressur ing with 
nitrogen, and then circulating. The system was then flushed with R-11 
and drained. 
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Two test sections were destroyed during the test program. The f irst 
burn-out occurred when the air-supply p re s su re to the remote-control valve 
in the exit line from the test section was reduced through a supply-line fail
ure and the valve closed during the operation at a high heat flux. The burn
out detector, which at the time consisted of a thermocouple attached near the 
exit of the heated section, failed to operate. Upon removal of the insulation, 
the tube was observed to have-failed at the inlet end of the test section. A 
substantial amount of "coking" had occurred in the region of the failure. 
The deposit of the substance, which was due to the breakdown of the R-11, 
appeared as rings inside the test section. Exposure to the atmosphere had 
produced subsequent flaking of the test section even though the section was 
cleaned with a wire brush. This flaking tendency was also noted in a 
separate facility employing Freon-114 as a test fluid after a burn-out had 
occurred. In both instances, the test sections were of the same s ta in less -
steel composition. 

In the second burn-out of a heated section, the failure occurred after 
the sys tem had been rapidly depressur ized due to a gasket failure. A 
pinhole opening developed in the section upon repressur iz ing the system. 
The a rea of this failure was bulged out from the section, and its location 
was intermediate between the copper bus ba r s . Subsequent examination of 
the damaged section over a period of time revealed continual scale forma
tion. This scale was not soluble in R-11 or in the alcohol. Spectrochemical 
analysis of the residue indicated the presence of iron and nickel as the major 
constituents. However, the par t icular compounds that may have formed were 
not ascertained. 

The final burn-out in the system occurred ^when two preheaters failed 
nearly simultaneously during the warm-up of the loop for some of the 
photographic work. This failure was believed to be due to a flow stoppage, 
but the actual cause was not determined. 

The loop was initially p ressur ized with nitrogen and a slight amount 
of refr igerant to facilitate a leak test utilizing a standard halogen leak-
detector unit. Other than minor leaks in the valve packings, the system 
was secure from leakage through any of the elements through p r e s s u r e s to 
1000 psia. 

The sys tem was purged with nitrogen, and the Heise p r e s su re gauges 
and differential p r e s s u r e t ransducers -were isolated from the system. A 
vacuum pump -with a knock-out t rap using acetone and dry ice was employed 
to draw do\vn the system. The vacuum was maintained overnight and the 
loop checked for leakage. The refr igerant , which had been previously d i s 
tilled in a separa te system, was vented into the evacuated loop. The con
denser and the subcooler water were used to maintain a low p r e s s u r e in the 
system. To complete the charging of the system, an auxiliary ref r igerant -
holding tank was p res su r i zed with nitrogen and the charging completed. 
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The accumulator for pressur iz ing the loop was charged with refr ig
erant to approximately one-half its capacity. To attain the proper operating 
pressure , the loop was slowly heated and fluid either added or removed to 
reach the test condition. The system was vented under p re s su re to remove 
any noncondensibles that may have been in the charging fluid. All of the 
pressure- tap lines were vented to the atmosphere. The venting procedure 
was employed at intervals throughout the testing period. Since the poss i 
bility of a breakdown of the fluid was evident for the high-temperature 
operations, the loop was recharged at intervals during the ser ies of tes ts . 

Operating procedures varied in accordance with the p re s su re level 
of the test se r ies . For the low-level p re s su re tes ts , the system could be 
brought up to a stable operating condition within 3 or 4 hr from a s tar t -up 
at room temperature. Thus, a normal s ta r t -up and shut-down could be 
attained on a day-to-day arrangement. This method could not be employed 
effectively at the elevated p ressu res because of the prolonged warm-up 
period. Therefore, the loop was operated continuously for periods of 5 or 
6 days. 

The operation of the loop with the glass test-sect ion unit installed 
was made continuous since the failure of the glass during a cool-down 
would have resulted in considerable downtime for replacement. Only one 
failure of a glass section occurred during operation, and this was attributed 
to a faulty glass section. 

The instrumentation units were calibrated periodically throughout 
the testing sequences. In part icular , the Sanborn recorder for the differential 
pressures was recalibrated after each run in order to minimize drift. The 
circuitry for the differential-flow p res su re drop was checked for drift during 
the operating sequence, and periodic comparisons with a portable potentiom
eter reading were made. 

The time required to reach equilibrium was minimized when the flow 
rate was changed while a constant heat flux was maintained, as opposed to a 
change in heat flux at constant flow rate . Basic test sequences were set as 
constant heat fltix-variable flow rate sets . 

The information obtained for each set of the daily tests was refined 
to yield the mass flow rate, the qualities, and the superficial velocities 
based upon inlet conditions to the unheated section. The data were subse
quently recorded on punch cards for further computer calculations. 
Appendix C contains a summary of the flow data and the void-fraction 
determinations. 

An energy balance for the loop components was obtained by circulating 
pressurized, preheated liquid through the loop at several tempera ture levels. 
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From these tes t s , the heat loss from the system was made a linear function 
of the saturation tempera ture of the fluid over the test range of t empera tures . 
The energy losses on the suction side of the pump were not minimized since 
the pump operation was most stable when the fluid was subcooled. The p r e 
heaters were of sufficient size to bring the fluid to the desired inlet test 
condition. Some uncertainty entered into the condenser heat balance during 
some operational conditions v/hen the auxiliary condenser was employed as 
a surge tank to dampen any system oscillations. It thereby produced some 
unaccountable loss in the balance. P r imar i ly , the energy balance for the 
three-uni t test section was more cri t ical for R-11 determinations than it 
would have been for water, since there is an order-of-magnitude difference 
in the latent heat of vaporization. The temperature level of the system was 
relatively low, and the maximum fluid-saturation tempera ture for the test 
se r ies was 325°F. The heat loss for the test-sect ion assembly was approxi
mately 0.2 Btu/sec at 180''F, and it was considered constant at a par t icular 
saturation p r e s s u r e , although the heater-wal l temperature rose as a function 
of the increase in power level. 
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VI. EXPERIMENTAL RESULTS 

This section examines the resul ts of the test program for the effects 
of the orthobaric-density ratio and mass flow rate on the flow patterns pro
duced by a constant heat-flux addition in the upward, vert ical flow of F - 1 1 . 
The X-ray monitor observations of the flow patterns in an unheated, r e c 
tangular channel located above the electr ical ly-heated test section are 
compared with the color motion pictures taken with a Fastex camera . The 
local void fractions and the average void fractions obtained during the 
series of tests are presented, and these resul ts a re compared with water 
data at identical orthobaric-density ra t ios . 

Six sets of tests were made at constant orthobaric-densi ty ra t ios , 
which varied from 7 to 60. This densi ty-rat io range spans an equivalent 
water -sa tura t ion-pressure range from approximately 400 to 2000 psia. 
The mass flow rate based upon the cross-sec t ional area of the unheated 
rectangular test section ranged from 0.2 x 10 to 2.0 x 10 Ib /h r - sq ft. 
The mass qualities based upon thermodynamic equilibrium ranged to 90%; 
however, the majority of the data encompassed the range from saturation 
to 50%. The subcooled boiling region was not included in the study. In 
general, the test conditions were limited by the depar ture of the wall 
temperature to values above 600''F where continued operation would have 
resulted in a breakdown of the fluid with resultant deposits in the system. 

The local pressure gradient in the unheated section and its charac
terist ic oscillations were obtained. The form of the oscillations is some
what indicative of the various flow regimes encountered in this study. 

The flow regimes observed at small values of the or thobar ic-
density ratio a re described, and the approximate regions of occurrence 
are presented graphically. 

A. Description of Flow Patterns 

The X-ray generator and fluoroscope monitor were arranged to 
yield a magnification of approximately four to one on the television screen. 
The mirror-opt ica l systern produced a nearly one-to-one image, which 
yielded sharper details than the magnified image. Flow patterns observed 
in the unheated test section normal to the smaller dimension were r e 
corded along with the associated local p ressure gradients and local void 
fractions. After the test ser ies employing the X-ray unit, the rectangular 
test section unit was replaced by the test section containing the optical 
glass windows that were normal to the smaller channel dimension. Inlet-
fluid conditions were fixed in an approxinnation of previous test conditions, 
and a ser ies of high-speed, color motion pictures was obtained. The flow 
patterns observed by the two methods were compared. 
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Ideally, if a mass flow rate were to be fixed, the expected flow 
patterns would proceed with increasing mass quality through all-liquid, 
bubble, plug, semiannular, and annular, to dispersed flow. The actual 
flow pat terns encountered are dependent upon the magnitude of the mass 
flow rate and the initial fluid conditions for a fixed geometry. Since this 
study did not include the subcooled boiling region, the initiation of bubble 
flow was not observed. 

The flow patterns observed with the fluoroscope monitoring system 
and the high-speed, color motion pictures were compared. The resul ts a re 
described in the following paragraphs . 

1. Bubble Flow 

Only a few isolated tes ts indicated bubble flow in the net 
quality region at very low qualities and high flow ra te s . Bubble flow was 
not observed in these tes ts for superficial liquid velocities below approxi
mately 3 f t / sec . The quality range over which bubble flow may exist at 
small or thobaric-densi ty ratios would appear to be very narrow for r e 
fr igerants that possess small latent heats of vaporization. 

2. Plug Flow 

Plug flow with the character is t ic bullet-shaped vapor heads 
that maintain their identity as they move up the channel did not appear in 
the forced-flow system at elevated p r e s su re s . This type of flow could 
only be generated at the lower p re s su res in nonforced circulation flow. 
For forced-convection, saturated flow, the churn-type flow pattern was 
developed for the lowest flow ra tes and qualit ies. It is to be concluded 
that the plug-flow regime is not attained in a boiling system at net quali
ties at elevated p r e s s u r e s . 

3. Slug Flow 

Slug flow, in which vapor slugs nearly filling the channel a re 
in terspersed with smaller vapor bubbles, occurred but had a tendency to 
collapse or agglomerate into a churning flow. This churn-slug type of 
flow has been included into a single regime along with what some investi
gators call the churn-annular regime, since a sharp distinction could not 
be made between the two flows, 

4. Semiannular or Churn Flow 

In the terminology employed in the fluoroscope study, the t e rm 
"churn" denoted the regime at low liquid and vapor superficial velocities 
where the downflow of liquid was evident for collapsing liquid br idges . At 
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h igher flow r a t e s , the " c h u r n i n g " m o t i o n w a s not a s ev iden t on the t e l e 
v is ion m o n i t o r and the flow had an a p p e a r a n c e of a l t e r n a t i n g l iquid and 
vapor s l u g s . The h i g h - s p e e d mo t ion p i c t u r e s r e v e a l e d a r e t a r d a t i o n of 
the upward flow of b u b b l e s n e a r the wa l l s due to a downflow of l i qu id . The 
liquid s lugs w e r e t r a n s p o r t i n g b u b b l e s . Bubb le s n e a r the w a l l s would 
he s i t a t e and then e longa te a s they a c c e l e r a t e d u p w a r d . P a t c h e s , wh ich 
sugges ted an a t t e m p t to f o r m an a n n u l a r l iquid f i lm, a p p e a r e d wi th c r o s s -
sec t ioned p a t t e r n s upon the p a s s a g e of the a g g l o m e r a t e d s lug . At low 
flow r a t e s , th is r e g i m e had a t r a n s i t i o n into the a n n u l a r r e g i m e . At the 
h igher flow r a t e s , the t r a n s i t i o n was to the w i s p y - a n n u l a r r e g i m e . T h i s 
r e g i m e was c h a r a c t e r i z e d by high l o c a l - p r e s s u r e - d r o p o s c i l l a t i o n , which 
p o s s e s s e d a f o r m s o m e w h a t d i f fe ren t f r o m the bounding r e g i m e s at h i g h e r 
q u a l i t i e s . 

A d i s t i nc t i on in r e g i m e def in i t ion is now m a d e in which the 
reg ion f o r m e r l y ident i f ied a s s e m i a n n u l a r i s s e p a r a t e d in to the c h u r n 
flow ( a l t e r n a t e l y ca l l ed s e m i a n n u l a r hence fo r th ) and the s e p a r a t e r e g i m e , 
which is t e r m e d w i s p y - a n n u l a r flow. 

5. Annula r F low 

The usua l conno ta t ion for a n n u l a r flow is e m p l o y e d in t h e s e 
r e s u l t s w h e r e i n the wa l l s of the condui t a r e c o v e r e d by a f i lm of l iquid 
while the c e n t r a l c o r e con t a in s v a p o r and p o s s i b l y s o m e e n t r a i n e d l iquid 
d r o p s . The c h a r a c t e r of the l iquid f i lm m a y v a r y f r o m a s l o w - m o v i n g 
t r anqu i l l iquid, with s m a l l - d i s t u r b a n c e w a v e s on the i n t e r f a c e , to a h ighly 
d i s t u rbed s u r f a c e on which both s m a l l - d i s t u r b a n c e w a v e s and f a s t e r -
moving, h i g h - a m p l i t u d e , r o l l w a v e s e x i s t s i m u l t a n e o u s l y . L iquid d r o p l e t s 
a r e e n t r a i n e d in the vapo r c o r e f rom the h i g h - a m p l i t u d e w a v e s . T h e s e 
d r o p l e t s m a y r e t u r n to the l iquid f i lm at v a r i o u s d o w n s t r e a m p o i n t s . The 
annu la r r eg ion m a y be c h a r a c t e r i z e d a s q u i e t - a n n u l a r or u n s t e a d y -
annu la r , depending upon the m a g n i t u d e of the loca l p r e s s u r e - d r o p o s c i l 
l a t i ons . The r eg ion with the h i g h - a m p l i t u d e ro l l w a v e s h a s the g r e a t e r 
ampl i tude in p r e s s u r e - d r o p o s c i l l a t i o n s . 

The h i g h - s p e e d , c o l o r m o t i o n p i c t u r e s r e v e a l e d the h i g h -
ampl i tude ro l l waves a s b r i g h t r e d b a n d s mov ing u p w a r d in the d i r e c t i o n 
of flow, while the l o w - a m p l i t u d e d i s t u r b a n c e w a v e s a p p e a r e d a s d a r k 
n a r r o w l i n e s . The l iquid f i lm had a n e u t r a l , o r g r a y , a p p e a r a n c e in the 
und i s tu rbed r eg ions of the i n t e r f a c e . B e f o r e the a b r u p t r i s e in h e a t e r -
wal l t e m p e r a t u r e , the l iquid f i lm had only s m a l l - d i s t u r b a n c e w a v e s on 
the i n t e r f ace and s u b s t a n t i a l d r o p l e t e n t r a i n m e n t in the c o r e for low to ta l 
m a s s flow r a t e s . The a p p e a r a n c e of t h i s " n o r m a l " a n n u l a r flow o c c u r r e d 
only at low liquid s u p e r f i c i a l v e l o c i t i e s of, the o r d e r of 2 f t / s e c . S ince 
the pho tographs w e r e t aken in the u n h e a t e d s e c t i o n , a l iquid f i lm would 
p e r s i s t , so that an a n n u l a r - s p r a y r e g i m e would be found a t the l i m i t of 
th is r eg ion of flow. 
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No bubbles were seen in the liquid film in any of the motion 
pictures of the annular-flow tes ts that provided a distinction from the 
bounding semiannular flow regime. 

A comparison of the fluoroscope observations with the motion-
picture resul t s indicated that the limit of the television-monitor delinea
tions was in the region of the high-amplitude roll-wave region of the 
annular flow, since the region near the wall gave the impress ion of an 
expansion and contraction during this type of flow, whereas the very thin 
liquid film associated with the low-amplitude disturbance waves was not 
d iscernible . Due to the high velocities and small droplet s izes , it was 
not possible to distinguish liquid droplets in the vapor core by the fluoro
scope method. 

6. Wispy-Annular or Ligament Flow 

A separate classification of one type of annular flow, which 
is distinct from the usual connotation, was made by Bennett et al^' in 
which the t e rm "wispy-annular" was coined. The appearance of the usual 
liquid film on the walls of the conduit is supplemented by a different form 
of flow in the core . The vapor in the core appeared to t ransport agglom
era tes of liquid, which take on the appearance of billowy clouds of liquid 
rising in a s imi lar manner to a wispy, turbulent s t ream of cigarette 
smoke. The inner flow is not continuous and is probably due to sheets 
or l igaments of liquid being torn from the highly-disturbed liquid film. 
A major problem in viewing this inner core is the difficulty imposed by 
the liquid film on the surface of the section. In the fluoroscopic observa
tions, the flow was descr ibed as s treaming with intermittent segments of 
vapor s lugs. The fluoroscope method v^as not encumbered by the wall 
liquid film but did suffer from the fact that the flow in the core was very 
rapid. The color motion pictures had the lighting arranged so that the 
color -pa t te rn ar rangement was abruptly disturbed when the wispy core 
was present . F rom the d isar rayed nature of the inner flow pattern, it 
seemed likely that vapor bubbles were entrained in the agglomerate . The 
distinguishing feature of this flow regime is that the agglomerate appeared 
to flow upward through the core while there was a liquid film on the wall, 
whereas in semiannular flow the liquid film would alternately form and 
disappear as a mixture of liquid and vapor passed the observer . 

This flow regime was character ized by high p r e s s u r e - d r o p 
osci l la t ions. The nature of these oscillations appeared to be different 
from the form developed in the semiannular, or churn, reg ime. 

The s t reaming nature of this flow would appear to give r i se 
to the shearing of l igaments of liquid, which would subsequently break up 
into liquid droplets as the mass flow rate is increased. Since the liquid 
l igaments a re in contact with the liquid film on the wall during some 



portion of their existence, an e lec t r ica l - res i s tance probe would probably 
indicate a bridging of the conduit and thus lead to an erroneous conclusion 
as to the condition of the flow regime. The results of Suo £t al_.̂  for water 
at 1000 psia revealed that the transit ion to annular, or dispersed, flow 
occurred at a substantially lower quality than predicted by the proposed 
correlation of Haberstroh and Griffith. These differences are large 
enough to question the quantitative results of the e l ec t r i ca l - r e s i s t ance -
probe method. 

A film containing brief segments from some of the high-speed, 
color motion pictures obtained during the test ser ies has been compiled. 
The churn, annular, and wispy-annular regimes are included. The film 
segments were taken at either 3000 or 6000 frames per second. Since 
the period of each section is approximately one minute, the film does not 
represent the entire range of configurations that occur but ra ther represents 
some of the more pertinent features. The film is available and may be 
borrowed from the Argonne National Laboratory. The original films and 
data of the tests are on file at the Argonne National Laboratory. 

B. Flow-regime Transitions 

The flow regimes that are most prominent in the net quality, 
forced-circulation flow at low orthobaric-density ratios in vert ical flow 
are bubble, churn, annular, and wispy-annular. Plug flow is absent in 
the two-phase flows produced by heat input at these conditions. Bubble 
flow occurred only at very low qualities and high flow rates in the net 
equilibrium-saturation region. Numerical resul ts of the various ser ies 
of tests are tabulated in Appendix C. In Fig. VI. 1, the test resul ts are 
plotted in te rms of the superficial liquid and vapor velocities for a ser ies 
of fixed inlet p ressures to the unheated, rectangular test section. Con
sequently, the plot represents a parameter of orthobaric-densi ty ratios 
that were selected to correspond to the density ratio for which a set of 
flow-regime information was available. In three of the cases , flow-
regime data for water were known for saturation p r e s su re s of 415, 615, 
and 1000 psia. The data for water at 1000 psia were obtained by the 
e lect r ical - res is tance-probe method," and by X-ray photographs and 
high-speed motion pictures.^ ' In both cases , the flow was upward in a 
vertical tube with inside diameters of 0.4 and 0.497 in., respectively. 
Data for water at 500 psia was also available from the above investiga
tions. A limited amount of data for Refrigerant-22 was available for 
reduced pressures of 0.12 and 0.22 in a 0.4-in. tube." ' The or thobaric-
density ratio is identical for R-22 and R-11 at the same reduced p res su re ; 
therefore the higher reduced p ressu re corresponded to a limited ser ies 
of test runs in this R-22 data. 
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Fig. VI.1. Churn, Wispy-annular, and Annular 
Flow Transitions for Four 
Orthobaric-density Ratios 

The transit ions for churn, annular, and wispy-annular flow are 
shown in composite in Fig. VI.1 for orthobaric-density ratios of 58.0, 
37.7, 20.6, and 24.4. The last density ratio cited represented the value 
corresponding to a reduced pressure of 0.22, which was identical to an 
R-22 fluid test p ressure employed by Staub and Zuber."' The three p r e 
ceding values a re representat ive of the orthobaric-density rat ios of water 
at 415, 615, and 1000 psia, respectively. The s team-water resul ts of the 
e lec t r ica l - res i s tance-probe study by Griffith"' for 215, 415, and 615 psia 
were available for comparison with the present study. The effect of 
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elevated pressure was also investigated at orthobaric-density ratios 
corresponding to 1500 and 2000 psia for water . The data obtained at 
these elevated conditions were not sufficient to warrant inclusion in 
Fig. VI.1. The observations at the two higher orthobaric-density rat ios , 
11.8 and 7.5, were limited in that no large distinction in the streaming to 
annular flow-type observations were discernible, and the local p ressu re 
oscillations had diminished considerably over the range of test data that 
was in contrast to the resul ts at lower p r e s s u r e s . It would appear that 
the annular-dispersed regime was entered from the wispy-annular regime 
without an appreciable change in the flow pattern observed. The void-
fraction determinations taken at these two conditions are included in a 
later section. 

The transition from churn to annular flow at low, superficial 
liquid velocities is seen in Fig. VI.1 to occur at lower vapor superficial 
velocities as the orthobaric-density ratio decreased, i .e. , as the system 
pressure increased. No distinction is made on the plot for the inception 
of entrainment in the annular region. The minimum vapor velocity for 
entrainment, as indicated by Eq. (II.B-8), ranged from 15.7 to 9.3 ft /sec 
for decreasing orthobaric-density ratios of the plot. By way of contrast , 
the expression predicts a value of 23 ft /sec for water at 1000 psia. 

The annular region is represented by the data along the vert ical 
axis and increased in size as the superficial liquid velocity increased. 
The general trend is a rapid r ise in the transit ion-vapor superficial 
velocity above superficial liquid velocities of approximately 2 f t / sec . 
There is a transition zone that separates the annular regime from the 
wispy-annular regime, which occupied the region to the right of the 
transition band. The transition points are not included in Fig. VI. 1. This 
transition occurred at very slightly increasing, superficial liquid veloci
t ies . The Harwell study^' for water at 1000 psia (an orthobaric-densi ty 
ratio of 20.6) indicated a nearly constant, superficial liquid velocity in the 
transition from wispy-annular to annular flow. The resul ts of Haberstroh 
and Griffith ^ indicated a constant quality-line transit ion to annular flow 
above a liquid superficial liquid velocity of approximately 2 f t /sec, for 
which the value of 0.291 is obtained from Eq. (lI.B-4). The result was 
indicated as nearly independent of diameter . 

The lower bounds for the annular and wispy-annular regimes are 
indicated for the churn-flow regime that incorporated the various sub
divisions of this regime. The transition line increased in the superficial 
vapor velocity bound with increasing orthobaric-density ratio (i.e., 
decreasing pressure) . The transition from churn to wispy-annular 
occurred at decreasing vapor superficial, velocity for increasing super
ficial liquid velocity at constant orthobaric-density rat io . Thus, the 
churn-flow regime reached a maximum in a narrow range from 1 to 3 f t / 
sec for the superficial liquid velocity, and had a range of maximum 
superficial vapor velocities from 5 to 10 f t / sec . 



The partial uncertainty in establishing the transit ion from wispy-
annular to annular flow was due to the nature of the flow regimes and the 
subjective interpretat ion of the fluoroscope and motion-picture resu l t s . 
This added to the spread that occurred in that no sharp deviation, or change, 
in pat terns would be expected. 

To establish the correspondence between the resul ts of this invest i
gation at a part icular orthobaric-density ratio, data from the two sets of 
runs that coincide with the s team-water data of Griffith"' at 415 and 616 psia 
a re plotted in Fig. VI.2. The solid, square points represent the annular flow 
points of this study, and the open set that of the water. The circles r e p r e 
sent data that may have been annular flow in this study; in the resistance-probe 
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method, the circles represent annular flow with occasional, thin, liquid 
bridges. The water data were comprised of the resul ts from tests in 
three tubes with diameters of 0.375, 0.625, and 0.875 in. The annular-
flow points for the R-11 data occur at lower, superficial vapor velocit ies. 
The transition line predicted by Haberstroh and Griffith, as listed in 
Eq. (lI.B-4), is shown as a dashed constant-quality line (0.153 and 0.197, 
respectively). The data for the steann-water tend to turn toward higher 
qualities at large values of the superficial vapor velocity. The trend 
toward a transition line of nearly constant, superficial liquid velocity 
was suggested by the s team-water data of Harwell for p re s su res of 
500 and 1000 psia, where the X-ray and motion pictures were employed. 
The transition from wispy-annular to annular flow has no apparent 
diameter effect, at least for the range considered in the foregoing data. 
The transition line obtained from the present investigation c rosses the 
constant quality-line transit ion. The upper bound of this transit ion at 
constant orthobaric-density ratio in t e rms of the superficial vapor 
velocity was not determined. 

In Fig. VI.2, the water data were taken directly from the original 
report by Griffith for identification of the regime since there is some 
discrepancy with the later report by Haberstroh and Griffith where the 
data were again presented. The original data interpretation of the flow 
regime is employed in the present graphical resul ts since the deviations 
do not affect the present comparison. Whether or not a "break-point" 
exists for the steam-water data as suggested by the later report is 
purely subjective. 

In Figs. VI.3, 4, 5, and 6, the transit ion lines are indicated as 
representative of the various transition regions rather than presenting 
a sharp, definitive separation of the flow reg imes . Expressions a re 
developed in the following paragraphs to indicate the variation of these 
transitions with a change m the orthobaric-density rat io . No transit ion 
Une is shown for the transition from bubble flow to either semiannular 
or wispy-annular flow. 

The transition from churn to annular is represented by the data 
below superficial liquid velocities of approximately 2 f t / sec . For the 
low-velocity range, the expression of Haberstroh and Griffith, as given 
by Eq. (II.B-2), contains a diameter effect. However, the use of an equiva
lent diameter, the minor dimension, or the major dimension in this ex
pression yielded values that were too high. This expression was employed 
to evaluate the annular transition for R-22 at reduced p re s su res of 0.12 
and 0.22 from the resul ts of Staub and Zuber. Again, the predicted value 
was too high. In particular, at the same-orthobaric-densi ty ratio, R - l l 
and R-22 have higher vapor densities (and thus, higher liquid densities) 
than water. The surface tensions a re lower than that for water, with 
approximately the same values at identical reduced p r e s su re s , as can be 
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Fig. VI.6. Flow Regimes at an Orthobaric-density 
Ratio of 58.0 

seen from Eq. (IV.B-9). The linear stability analysis of Section IV.B for a 
combined Taylor-Helnnholz instability indicated a dependency of the velocity 
on the surface tension, the density, and the density rat io. At superficial 
liquid velocities approaching zero, it will be assumed that the Weber number 
is dominant, compared to the Froude number. For two fluids, the equality 
in Eq. (IV.B-6) is then assumed to hold, and the transit ion superficial-vapor-
velocity ratio is given approximately as 
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•which e l i m i n a t e s any p r o b l e m c o n n e c t e d with a q u e s t i o n of \vhe ther the 
l iquid or vapor dens i t y r a t i o should be e m p l o y e d . 

An e x p r e s s i o n is p r o p o s e d to i n c o r p o r a t e the v a r i a t i o n in the c h u r n -
annu la r t r a n s i t i o n f r o m fluid to fluid at c o n s t a n t o r t h o b a r i c - d e n s i t y r a t i o . 
The r e s u l t of Eq . (VI.B-1) i s s e l e c t e d a s r e p r e s e n t a t i v e of the s u p e r f i c i a l 
vapor ve loc i t y for t r a n s i t i o n at v a n i s h i n g l y s m a l l s u p e r f i c i a l l iquid v e l o c i 
t i e s . Equa t ion (II.B-2) m a y be modi f ied by the fol lowing e x p r e s s i o n for 
e l eva ted p r e s s u r e s and s i n g l e - c o m p o n e n t f lu ids : 

sg 0.9(gcD)i^2( |3- l ) 1/2 '^gH.o" 
^ H ^ O P g 

-I- 0. (VI.B-3) 

w h e r e the o p e r a t i o n a l def in i t ions of E q s . (II.B-6) and (II.B-7) a r e e m p l o y e d , 
and the above e x p r e s s i o n r e d u c e s to the r e s u l t of H a b e r s t r o h and Gri f f i th 
when employed with w a t e r a s a fluid and at l a r g e o r t h o b a r i c - d e n s i t y r a t i o s . 
The i n t e r c h a n g e a b i l i t y of the l i q u i d - s a t u r a t i o n - d e n s i t y r a t i o wi th tha t of 
the vapor is a s s u r e d by Eq. (VI.B-2) . The s u r f a c e t e n s i o n - d e n s i t y t e r m in 
the above e x p r e s s i o n is n e a r l y c o n s t a n t for the r a n g e of o r t h o b a r i c - d e n s i t y 
r a t i o s c o n s i d e r e d , which r e d u c e s the coef f ic ien t by a p p r o x i m a t e l y a f ac to r 
of one-hal f . 

B e t t e r a g r e e m e n t i s ob ta ined by e m p l o y i n g the e x p r e s s i o n deve loped 
above with the l o w e r - s u r f a c e - t e n s i o n f lu ids . H o w e v e r , for f lu ids wi th 
n e a r l y iden t i ca l s u r f a c e t e n s i o n s , the effect of t he v a r i a t i o n of v a p o r d e n s i t y 
would a p p e a r in the r e s u l t s at i d e n t i c a l o r t h o b a r i c - d e n s i t y r a t i o s . 

file:///vhether


The question may a r i se as to whether the Kelvin-Helmholtz insta
bility cr i ter ion, as expressed by Eq. (iV.B-lSa), should be employed. The 
same thermodynamic proper t ies a re involved, but in different degrees of 
importance. The velocity difference in this expression is that of the local 
liquid and vapor velocities and as such is not readily identifiable with the 
known velocit ies in the sys tem. Thus, the Taylor-Helmholtz expression is 
employed as a rough approximation. 

If a s t r ic t ly empir ical expression is employed to cor rec t the churn-
annular t ransi t ion expression to eliminate the surface-tension property, 
Eq. (VI.B-3) may be writ ten as 

Vsg = 0.9(gcD)i/^O- 1 ) ' / ^ - ^ ^ ^ ^ + O.bli'/'VsZ. (VI.B-4) 
Pg 

where the saturat ion-vapor densities a re evaluated at the same or thobar ic-
density rat io, and Eq. (VI.B-2) may be employed in an alternate form of the 
above expression. The coefficient of the constant te rm is intermediate 
between the resul ts that would be obtained by using the Kelvin-Helmholtz 
and Taylor-Helmholtz l inear-s tabi l i ty c r i te r ia . The values obtained for the 
modifying factors for the churn-annular transit ion expression are relatively 
constant over the test range and are approximately 0.49. 0.61, and 0.70 for 
the Taylor-Helmholtz, vapor-density ratio, and the Kelvin-Helmholtz 
methods, respect ively. The separation of inertial effects from the effects 
of surface forces is not established by the above form of expression for 
the t ransi t ion. 

The general form of the churn-annular transit ion expression may 
be examined to establish whether a single representation of the transi t ion 
may be made on a graph of mass flow rate versus quality at a set 
or thobaric-densi ty rat io . At constant quality, mass flow ra te , and 
or thobaric-densi ty ra t io , the superficial vapor (also liquid) velocities a re 
inversely proportional to the liquid (or vapor)-density rat ios for two 
fluids. Or, 

V sgi Piz 

sgz Pfi 
(VI.B-5) 

which is obtained from the definition of the superficial velocity. The churn-
annular t ransi t ion expression may be written in the form, 

Vsg - CV,^ = D, (VI.B-6) 

where the coefficients C and D contain any geometry and fluid-property 
effect. The expression may be rewri t ten as 



j5x(G/pf) - C(l-x)(G/pf) = D. (VI.n-7) 

If the expression holds for two fluids such that C] = Cz, x, = Xj, and 
/3, = Pz, where the subscripts i and 2 represent the two fluids, the following 

may be obtained: 

/3x[(G/pf), - (G/pf)J - C(l-x)[(G/pf),-(G/pf)J = D: - D ,̂ (VI.B-8) 

Upon rearrangement, 

_Pf̂ G2_ Pfi (Dl - Dz) . D. - Dz _ ^ _Di (VI B-9) 
" Pf^G, " G, [/3x-C(l -x)] D, Dl' 

Then, 

^ = fll2l (VI.B-IO) 
Dl Pf̂  Gi 

At identical mass flow rates (i.e., Gj = G )̂, 

Dz = D j . ^ . (VI.B-11) 

Thus, the approximation given by Eq. (VI.B-4) would provide a 
transition line on the mass-flow-rate-versus-quality type of plot, which 
would be identical for two fluids if the coefficients C and D are correctly 
chosen to represent the geometry effect and the fluid-property effect. 
The transition lines have been plotted in Fig. VI.7 for an orthobaric-
density ratio of 20.6 (equivalent to a saturation-water pressure of 1000 psia) 
for the expressions given for the transitions. 

The churn flow to wispy-annular transition does appear to be 
directly represented by the preceding analysis. However, Fig. VI.1 showed 
that the transition could be represented by a linear transition form. In 
Fig. VI.8, the churn flow and wispy-annular points are plotted with a re
ducing parameter of the square root of the orthobaric-density ratio operat
ing on the superficial vapor velocity. The results are somewhat 
satisfactorily handled in this reduction. Reference is made to Fig. VI.3, 
where the results of the water data are plotted as solid symbols for the 
Harwell results and as circles with crosses for the transition points of 
Suo £t ^ . The transition from churn to wispy-annular flow occurred at 
higher values of the superficial vapor velocity for water than for the R-11. 
The transition line may be brought into agreement by the addition of the 
effect of the liquid (or vapor) density to the one-half power to the linear 
expression such that 

Vsg Do 
-j;:f*CoysJ/.=—^ (ft/sec), (VI.B-12) 
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Fig. VI.7. Mass Flow Rate and Quality Representation of the Transitions 
at an Orthobaric-density Ratio of 20.6 
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Fig. VI.8. Churn to Wispy-annular Flow-transition Correlation 

where Co is a constant assumed identical for all fluids, and Do is established 
as containing the vapor density of R-11 at identical orthobaric-density ratio 
for the fluid. From the graphical resul ts , CQ = 0.194 and Do = ^ -^ (PE^K- I I 
for a superficial liquid velocity greater than approximately 2 f t / sec . The 
form of this expression would result in the vanishing of the churn regime at 
approximately 8 ft/sec for the superficial liquid velocity in the net quality 
region. However, the bubble-flow regime does enter into the net-quality 
regime; thus the churn regime would vanish at lower liquid velocities. This 
is , of course, predicated on the assumption of a linear transition. The 
churn-flow regime would vanish for a mass flow rate of approximately 
2 X 10^ Ib/hr-sq ft for this expression at /3 = 20.6. 

It is then concluded that although the orthobaric-density ratio 
altered the level of the transition from churn to wispy-annular flow in the 
form of the square root of the function, the vapor density entered into the 
transition expression when two fluids are compared at identical orthobaric-
density ratios. The transition described here has a similar variation to 
the effect of gas phase density observed in the a i r -water study of Brown, 
Sullivan, and Govier."^ 

The original, generalized, flow-regime map as presented by B a k e r " 
had as its ordinate the superficial vapor velocity divided by the square root 
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of the density rat io, as given by Eq. (lI.B-13) and shown in Fig. II.4. The 
absc issa contained a strong dependency on the surface tension and a weak 
dependency on the liquid viscosity, as given in Eq. (II.B-14). The t r ans i 
tion from froth or bubble flow to annular flow in the Baker plot occurred 
at approximately constant quality at a fixed system p re s su re , which is the 
resul t indicated by Haberstroh and Griffith for high flow r a t e s . The 
or thobar ic-densi ty ratio also appeared in the coordinates in the square 
root form. The liquid density is shown to have a one-third power effect 
for all t rans i t ions , which is contrary to the resul ts in this and other in
vest igat ions. The strong effect of surface tension does not become ap
parent explicitly at high system p re s su re s , and should become a minor 
contributing factor in some of the t ransi t ions . The transit ion in slug to 
annular flow occurs f i rs t at slightly decreasing superficial vapor velocity 
for decreasing quality, and then at increasing vapor velocity. The resul ts 
of this investigation indicated that at low mass flow ra tes , the superficial 
vapor velocity for the annular t ransi t ion increased with decreasing quality 
until the wispy-annular t ransi t ion was reached; then the transit ion quality 
increased again. The transi t ion from churn to wispy-annular flow occurred 
at decreasing superficial vapor velocities for decreasing quality. The 
square- root effect of the orthobaric density was apparent in the churn 
t rans i t ions . However, it did not appear to be the proper effect for all 
t rans i t ions . In addition, the effect of the saturation density at various 
t ransi t ions was not of the same magnitude for all t ransi t ions . 

The transi t ion from v/ispy-annular to annular-dispersed flo'w 
appeared to be caused by the break-up of the agglomerates in the core 
into drople ts . This t ransi t ion then may be a function of the same fluid 
proper t ies as those that govern the initiation of spray in annular flow. 
These proper t ies a r e , in the main, surface tension, viscosity, and the 
or thobaric-densi ty ra t io . A charac ter i s t ic Weber number may exist for 
the t ransi t ion. However, no constant Weber number based upon a single 
geometr ical length could be obtained from the present data. Since l iga
ments of liquid apparently a re torn from the liquid film, l inearized 
stability analyses would not adequately describe the t ransi t ion. 

The t ransi t ion from wispy-annular to annular flow was shown in 
F igs . VI.3, 4, 5, and 6 for the individual orthobaric-densi ty ra t ios . The 
prec ise position of the t ransi t ion line is not obtained since a band would 
be more rea l i s t ic for the t ransi t ion. The transi t ion zone does not en
compass a wide range of superficial liquid velocit ies . A slightly inc reas 
ing superficial liquid velocity is obtainable for the t ransi t ion. Within the 
spect rum of the points of uncertainty, the t ransi t ion line could be set as 
l inear with a separation between or thobaric-densi ty rat ios in t e r m s of 
the superficial liquid velocity varying as the cube root of the or thobar ic-
density r a t io . However, there is no justification for such a setting of the 
t ransi t ion due to the spread in the t ransi t ion zone. In comparison with 
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the water data of Bennett £t ^ , , the transition occurred at lower superficial 
liquid velocities for identical vapor velocities; or conversely, for a fixed 
liquid velocity, the R-11 had a higher vapor velocity. The transi t ion in the 
G-x plane would be identical for R-11 and water if the ratio of superficial 
vapor velocities along a constant-quality line in the superficial-velocity 
plane were inversely proportional to the liquid-density rat io . The ratio is 
in the order of 0.61 for R-11 to water. This would imply that the super
ficial liquid velocities a re separated by the same rat io . Identical plots of 
the transition lines would then be obtained. The transi t ion line appeared 
to occur at higher mass flow ra tes for the R-11 when compared to the 
water data. Again, the band of transition cannot be made c lear-cut , as 
observation of the motion pictures of the flow regimes resul ts in subjec
tive conclusions. 

The proposed transition from slug to annular flow as given by 
Haberstroh and Griffith contained two inflection points for their a i r -water 
data. The final inflection point led to a constant-quality line, which was 
extrapolated to estimate the transit ion at elevated p r e s s u r e s . _If the cube 
root of the orthobaric-density ratio suggested as a rough est imate of the 
transition from wispy-annular to annular flow in the preceding paragraph 
is employed to extend the a i r -water data to elevated p r e s su re s , the t rans i 
tion line would be between 3.2 and 3.8 ft /sec at 500 psia for the range of 
the transition superficial liquid velocities, and between 4.2 and 4.8 f t /sec 
for water at 1000 psia. This would be in agreement with the Harwell 
statement as to the constant superficial-liquid-velocity magnitudes, but 
not with their listed data. The discrepancies involved in the second 
transition-inflection point will now be considered. 

The e lec t r ica l - res is tance-probe method of determining the t rans i 
tion to annular flow athigh mass velocities'^' ' '^'" Was employed by Haberstroh 
and Griffith to develop an expression for the transit ion in te rms of a con
stant quality, dependent only upon the orthobaric-density rat io . The 
range of validity of the constant-quality transit ion is given by Eq. (II.B-5) 
in te rms of the superficial liquid velocity. The predicted values of the 
transition quality are 17.5 and 29.1% for water at 500 and 1000 psia, 
respectively. The result is included in Fig. VI.7 for comparison •with the 
transition points obtained by Suo et al.^^ Excluding the higher m a s s -
velocity transition points, the measured values obtained for 1000 psia 
are qualities of 0.14, 0.181, 0.158, and 0.161 for mass flow ra tes of 0.4, 
0.8, 1.22, and 1.22 x lO' Ib /h r - sq ft, respectively. These values are much 
less than the predicted value of 29.1%, which casts some doubt as to the 
effectiveness of the e lec t r ica l - res is tance probe for quantitative m e a s u r e 
ments, particularly for the wispy-annular transit ion to annular flow. Only 
two points were available for the 500-psia water data. The transit ion 
qualities there were 0.167 and 0.105, respectively, at 0.41 and 1.22 x lO' l b / 
h r - s q f t . The probe measurements for 500- and lOOO-psia water did 



not agree with the t ransi t ions obtained from the X-ray and motion-picture 
resul t s of the Harwell study. Either the extrapolated prediction of the 
constant-quality t ransi t ion is incorrect , or the res is tance-probe method 
is open to question as a tool for quantitative measurements . The physical 
proper t ies of R-11 were not amenable for the use of a probe of this design; 
thus the observed flow patterns could not be compared by this method. 

The approximate expression for the transit ion from wispy-annular 
to annular flow may be written as 

Vsg = 25Vsf - 150Dl/j3l^^ Vsg > 0, (VI.B-13) 

where Dj is unity for R-11 . The difference in the transit ion resul ts for 
R-11 and water differed by some factor that could be expressed in t e rms 
of either the liquid or vapor density at identical orthobaric-densi ty rat ios 
for the previous t rans i t ions . In addition, the effects of viscosity and sur 
face tension could not be separated. The factor Dj is apparently indepen
dent of d iameter effects. It also could be expressed as 

° ' ~ « R - i / « H z O (^^-^-1^) 

at identical or thobaric-densi ty ra t ios . The discussion of Baker ' s flow-
regime map in Section II.B led to a difference in transit ion superficial 
liquid velocity such that the R-11 value was 0.25 that of the water at 
identical or thobar ic-densi ty ra t ios . This transit ion is approximately 
corre la ted by the above express ions . However, no upper limit can be 
given. 

The t ransi t ion expressions obtained in this investigation are com
pared in Fig. VI.7 with the test resul ts at an orthobaric-densi ty ratio of 
20.6. Included in the plot a re the e lec t r i ca l - res i s t ance-probe resul ts of 
Suo et_ al.^^ and the Harwell data for water at 1000 psia. Only some 
representa t ive points for the R-11 resul ts have been shown. If 
Eq. (VI.B-14) is employed to re la te the water data with the R-11 resul t , 
then the single line shown in the figure as Eq. (VI.B-13) represen ts both 
fluids. A t ransi t ion band for the wispy-annular to annular flow would 
extend downwards toward the intersect ion of Eqs . (VI.B-3) and (VI.B-12) 
and would include the uncertain data points. The constant-quality t r ans i 
tion suggested by Habers t roh and Griffith is shown with the lower limit 
extending to the c r i te r ion stated by their work. Their resul t d i sagrees 
with the e l ec t r i ca l - r e s i s t ance -p robe transi t ion points. 

Ultimately, as the system p re s su re approaches the cr i t ical p r e s 
sure , it might be expected that bubble flow would have a transi t ion to 
wispy-annular in a direct manner with a further t ransi t ion to annular-
d i spersed . The test resu l t s for or thobar ic-densi ty rat ios comparable 
to water at 1500 and 2000 psia did not indicate any substantial p r e s su re 
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oscillations, nor were distinct flow patterns observed by the fluoroscope 
method. The general appearance of the flow at very small or thobar ic-
density ratios was that of s treaming flow. For the limited flow ra tes 
involved at elevated p res su res , no distinction could be made for a t r ans i 
tion from wispy-annular to annular flow. 

The local p ressure gradients obtained during the se r ies of tes ts 
are illustrated by examples from the test set for an orthobaric-densi ty 
ratio of 20.6. Three differential p res su res were determined. Sequen
tially, the overall, intermediate, and exit lengths of the unheated rectan
gular section are displayed for t ransducer different ia l-pressure ratings 
of 15, 5, and 5 psid, respectively. The zero for each chart is centered 
and was calibrated before each run. A timing mark along the edge of the 
strip indicated an interval of 1 sec. The chart settings were adjusted to 
represent either 1 or 2 mV/cm. The t ransducers were calibrated for 
a 10-mV range for the different ial-pressure rating. For the annular 
flow runs, 1 mV/cm was employed for the intermediate p r e s su re -d rop 
recording; the overall p ressu re -d rop recording was set at 1 mV for these 
figures; the exit p ressure drop remained at 2 mV/cm. The output of the 
recorder carr ied an electrical noise, which was not removed by any 
damping capacitor and remained in evidence, part icularly in the overall 
p ressure-drop reading. Figures VI.9, 10, 11, 12, 13, and 14 i l lustrate 
the effect of flow regime on the local p ressu re drops. Churn, wispy-
annular, and annular flows are represented, and the effect of flow rate 
is illustrated in Figs. VI.9 and 10, where the quality is approximately 
0.11 and the mass flow ra tes a re 0.46 and 1.04 x lO' Ib /h r - sq ft, r espec
tively. The former set i l lustrates the churn-annular transit ion region; 
the latter is in the wispy-annular region. (There is a scale change for 
the intermediate p ressure -drop recording in these two graphs.) 

Figure VI. 11 represents the churn-flow oscillations in which the 
quality was 0.07 and the mass flow rate was 0.67 x lO'. The character 
of the fluctuations in this figure tended toward periodic bands of osci l 
lations, which moved at intervals along with the occasional damping of 
the pressure drop. In Fig. VI.12, the wispy-annular region is represented 
at a quality of 0.15 and at a flow rate of 0.72 x 10^. The band of osci l 
lations is not seen in this figure as compared to the former . This run 
was near the transition to annular flow. Annular flow is shown in 
Fig. VI.13, in which the intermediate recorder setting was changed to 
1 mV/cm to magnify the oscil lat ions. The value of the quality was 0.39, 
and the mass flow rate was 0.54 x 10^ The oscillations have been damped 
considerably. The occasional oscillations a re probably due to the high-
amplitude waves that were evident in the high-speed motion pic tures . The 
final figure is an indication of the system, p ressure drop before an ex
cursion in the wall tempera ture . Figure VI.14 indicates annular flow at 
a quality of 0.38 and a mass flow rate of 0.36 x lO'. 
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The local p r e s s u r e - d r o p fluctuations ranged to 2 psi in the la rges t 
values seen in these plots. The inertia of the recording pen may have 
accounted for some of the spread. Operation of the chart speed at various 
values did not appear to produce any great deviations in the spread of the 
p r e s su re -d rop oscil lat ions. The recorder was employed to determine the 
form of the p r e s su re -d rop oscillation for slug flow by operation during 
nonforced-flow conditions. The character is t ic of this type of flow is some
what different from the churn-type flow encountered during the forced-flow 
conditions. 

The test procedure involved a fixed heat flux with a variation of 
flow ra t e . In general , the flow rate was reduced in the test ser ies in order 
to pass through the various transit ion regions. The wall t empera tures of 
the heated section remained constant as the system condition passed into 
the annular regime. A subsequent reduction of flow led to a slight d e p r e s 
sion of the wall temperature before a rapid r i s e . At low mass flow ra t e s , 
the heat flux required for this r ise in wall temperature varied, whereas at 
high flow ra tes , a nearly constant heat flux value was obtained for the 
departure of the wall t empera tures to high values. At low flow ra tes , the 
motion-picture resul ts indicated the existence of spray droplets and a 
thin, tranquil , liquid film. At high flow ra tes , the wispy-annular flow 
regime was in evidence at the increased wal l - temperature condition. 
During severa l points in the se r ies of tes t s , the wall tempera ture was 
allowed to r i se without the burn-out t r ip in the circuit . It was found that 
the wall t empera ture would occasionally r i se to a high value and then de
crease to nearly the same value before the r i s e . Since the wall t empera 
ture would undergo an excursion to values of approximately 1000°F, the 
number of attempts to repeat these excursions was limited to prevent the 
breakdown of the fluid. The wall tempera ture tended to increase slightly 
at a given system p res su re as the heat flux was increased. The increase 
was not substantial, and no accurate values were obtained due to the 
limited precis ion in reading the indicated values. No "burn-outs" were 
sustained in the churn-flow region. Although the tes ts were not designed 
to search for this resul t , an occasional random excursion might have 
been expected. 

The observations of the transi t ions occurring in this study may be 
summarized as follows: 

1. The or thobaric-densi ty ratio is the proper modeling parameter 
for comparison of ref r igerants , such as R-11, with water . Within the r e 
frigerant group, modeling on the reduced p ressu re or reduced tempera ture 
would be sufficient for this group because of the reduced property relat ion
ship among the m e m b e r s . 

2. The transi t ion from churn to annular flow occurred at low 
superficial liquid veloci t ies , which were not predictable by the expression 
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for a ir-water and s team-water systems without modifications. The t r a n s i 
tion for R-11 (and R-22 of a different study) occurred at ear l ie r superficial 
vapor velocities than predicted by Eq. (II.B-2). By consideration of the 
linearized stability analysis for the Taylor-Helmholtz and the Kelvin-
Helmholtz problems, bounds could be obtained on the modification of the 
transition expression. The ratio of the fluid density (either liquid or 
vapor) of the refrigerant and water at the same orthobaric-densi ty ratio 
would modify the expression to yield the cor rec t direction for the expres
sion that was given as Eq. (VI.B-3). The upper limit of this transit ion 
appeared to be of the order of 1 to 2 ft /sec for the superficial liquid 
velocity. 

3. The transition from churn to a flow regime described as 
wispy-annular flow occurred at decreasing superficial vapor velocities 
for increasing liquid velocities. An expression was obtained for the t ran
sition in te rms of the square root of the orthobaric-densi ty ratio, and 
given approximately by Eq. (VI.B-12). The square-root t e rm does not 
entirely effect a correlat ion since the comparison of these resul ts with 
that of water at identical orthobaric-density ratios indicated that the vapor 
(or liquid) density entered the correlat ion. The square root of either 
saturation density would bring the data into agreement . 

4. Plug flow did not appear in the net-quality resul ts of these 
tests for the forced-circulation, h igh-pressure conditions. 

5. The transition from wispy-annular flow to annular flow was 
initiated at lower superficial vapor velocities for decreasing or thobar ic-
density rat ios . The transition band is very narrow when plotted on 
superficial-velocity coordinates. In comparison with the available water 
data, the transition occurred at slightly lower superficial liquid velocities 
at a given orthobaric-density rat io. No diameter effect was evident. The 
transition line is one of nearly constant superficial liquid velocity. An 
approximation of the change with orthobaric-density rat io can be made by 
one-third-power effect of the above ratio, as given by Eq. (VI.B-13). 
From the spread in the transition band, a definite transit ion cr i ter ion 
cannot be made. For a given quality, the R-11 transit ion takes place at 
a slightly higher mass flow rate than water at the same orthobaric-densi ty 
ratio. 

6. A comparison of the e lec t r i ca l - res i s tance-probe resul ts be
tween two different investigations for water revealed that the probe may 
be inadequate as a quantitative device for the wispy-annular to annular 
transition. The probe apparently is as subjective as motion pictures in 
the matter of interpretation. 

7. The possible effects of inertial controlled processes and those 
governed by surface and viscous effects could not be uncoupled, since the 



variat ions in t ransi t ions can be effectively termed in either form. A 
recent study by Shearer and Davidson*^ investigated the initiation of 
standing-wave formation due to gas blowing upward over a liquid film 
and employed a combination of a Weber- and Reynolds-number r ep resen 
tation of the cr i t ical gas velocity at which the standing wave was formed. 
Their resul ts indicated that the development employed in obtaining 
Eq. (VI.B-3) was substantiated. Their resultant definition of the Weber 
number led to a coefficient modification in Eq. (VI.B-3) which was closer 
in magnitude to the resul t given in Eq. (VI.B-4) where the ratio of sa tura 
tion densit ies was employed. Thus, the proper modification for the churn-
to-annular t ransi t ion is still uncertain. 

C. Local Void Fract ions 

Local void fractions were determined in the unheated rectangular 
channel, and the reduced values a re listed in Appendix C. The channel 
width was a rb i t ra r i ly subdivided into 12 sections. Thus, each element 
represented the width of the coUimating window at the photomultiplier 
tube. The minimum time required to t r averse each element, which was 
approximately l /32 in. wide, was 20 sec. The temporal and spatial 
averages were , therefore, assumed to be sufficiently close for a mean 
value to be assigned to each element. 

The void fractions obtained in the unheated section above a heated 
section should be lower at a fixed quality and mass flow rate than the 
values that would be obtained in the heated section. A comparison of the 
average void fraction obtained in a mass-f low-ra te range comparable to 
the R-22 study indicated that at the same quality and mass flow ra te , 
the void fraction was slightly lower than that obtained in the heated sec
tion. The difference was approximately 5%. A change in distribution of 
the vapor toward the core would represent an increase in slip ratio, 
i.e., a decrease in the void fraction. 

Examples of the effect of mass flow rate , quality, and orthobaric 
density on the void-fraction profile a re given in Figs . VI. 15, 16, and 17. 
For a given mass flow rate and quality, increasing the system p re s su re 
(i.e., decreasing the orthobaric density) decreases the average void pro
file. For increasing quality, the void profile becomes flattened. For 
fixed quality and density ra t io , the local void profile becomes flatter with 
increasing flow ra te . The void profile in the semiannular or churn region 
is somewhat parabolic in nature . The transi t ion into annular and wispy-
annular flow flattens the profile. 
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F i g u r e s VI .18 , 19, 20, 2 1 , and 
22 show the a v e r a g e void f r a c t i o n a s 
a funct ion of the m a s s qua l i ty , b a s e d 
upon t h e r m o d y n a m i c e q u i l i b r i u m , 
with the da ta s e p a r a t e d a r b i t r a r i l y 
in to the r e s u l t s for m a s s flow r a t e s 
above and below 1.0 x lO ' I b / h r - s q ft. 
F o r c o m p a r i s o n , the v o i d - f r a c t i o n 
da ta of J a n s sen and Kervinen^" a r e i n 
c luded in F i g s . VI. 19 and 2 1 . T h e i r 
r e s u l t s w e r e ob ta ined for s t e a m - w a t e r 
flow in a v e r t i c a l , r e c t a n g u l a r c h a n 
ne l ( 1 / 2 by 1-4- i n . ) . The m a s s flow 
r a t e for the s t e a m - w a t e r da ta in 
F i g . VI.19 was a p p r o x i m a t e l y 
0.5 X 10^ I b / h r - s q ft, with a p r e s s u r e 
of a p p r o x i m a t e l y 600 p s i a . In 
F i g . VI .21 , the m a s s flow r a t e s for 
the s t e a m - w a t e r da ta a t 1000 p s i a 
w e r e 0.25, 1.0, and 2.0 x l o ' l b / 
h r - s q ft. With the e x t e n s i v e n u m b e r 
of v o i d - f r a c t i o n c o r r e l a t i o n s a v a i l a b l e 
in the l i t e r a t u r e , t h e s e t h r e e c o r r e l a 
t ions w e r e s e l e c t e d on the b a s i s tha t 
the o r t h o b a r i c - d e n s i t y r a t i o and 
qual i ty w e r e the only r e q u i r e d q u a n t i 
t i e s for d e t e r m i n i n g the void f r a c t i o n . 
T h u s , the m o m e n t u m m o d e l of Levy 
and the c o r r e l a t i o n s of von Glahn 
and P o l o m i k a r e inc luded , in a d d i 
t ion to the h o m o g e n e o u s - f l o w m o d e l . 
None of t h e s e m o d e l s con t a in s a 
m a s s - f l o w - r a t e effect and as such 
cannot y ie ld a p r e c i s e r e p r e s e n t a t i o n 
of the void f r ac t i on . L e v y ' s m o m e n t u m 
m o d e l p r o v i d e d a l o w e r bound on the 
void f r ac t i ons ob ta ined in th i s i n v e s t i 
ga t ion , but it does not p r o v i d e a lower 
bound for flow r a t e s be low those 
u t i l i zed in th i s r e s u l t . Since Po lomik^ ' 
p r e s e n t e d s e v e r a l e x p r e s s i o n s for 

r a c t i o n , the p a r t i c u l a r e x p r e s s i o n e m p l o y e d in F i g s . VI.18 t h r o u g h 
was Eq . (24) in h i s p a p e r . 
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Fig. VI.18. Average Void Fraction for an Orthobaric-
density Ratio of 58.0 
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QUALITY. X 

The following expressions were employed to calculate the various 
void models. Levy's momentum model yields the quality 

a(l - 2a) + a.-J{\ - Zo.f + a[2|3(l - a)^ + (1 - 2a)] 

2/3(1 -a)^ + a( l - 2a) 
(VI.C-1) 

when the void fraction a is zero at x = 0. The expression employed by 
von Glahn is 

1 = 1 - p°-'' " l - ( l / a ) ( P ) ° ' ' ] . 

Expression in Polomik's paper was rearranged to obtain 

J_ p - {^^'^- l)[a'(/3'^^- 1)+ a] 
a '0 ' ^^ -1) + a 

(VI.C-2) 

(VI.C-3) 
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These expressions were placed in the preceding forms to facilitate a 
d ig i ta l -computer -program calculation of the correlat ions in t e rms of the 
or thobaric-densi ty ratio and the void fraction. 

To add further correla t ions , such as Bankoff s var iable-densi ty 
model or Martinelli and Nelson's model , ' ' would not produce any better 
resu l t s in correlat ion of the void fraction. Since Staub and Zuber"^ ex
amined Levy's mixing-length t heo ry , " which included a mass-f low-ra te 
effect for R-22 corresponding in part to the resul ts of Fig. VI.20, it 
should suffice to say that the calculation of the voids exceeded the R-22 
data, which in turn were higher than the resul ts of the present investiga
tion at identical mass flow rates and qualities. 

It can be inferred, from the average-void-fraction graphs, that the 
higher mass flow ra tes approach the homogeneous-flow model as the sys 
tem saturation p r e s su re is increased, i.e., as the orthobaric-density ratio 
dec reases . Thus, the slip ratio, defined as 

" ' --^. (VI.C-4) 
1 - X a 

approaches unity. The data points that indicate void fractions in excess of 
the homogeneous model (S = 1) for the low-quality region are probably due 
to the combined e r r o r s evident in the energy-balance and mass- f low-ra te 
determination. It is less likely that an entrance effect that would lower the 
slip ratio below unity would pers i s t in the channel. 

No correla t ion of void fraction that purports to predict this quantity 
can be given serious consideration unless the effect of mass flow rate is 
included. Alternately, the flow regimes at a part icular quality and system 
p re s su re a re character ized by different void profiles, which are a function 
of the mass flow rate and the method of generation. Thus, the gradient of 
void generation as a function of energy input and vaporization due to a de
crease in system p res su re should enter the consideration in addition to the 
degree of depar ture from thermodynamic equilibrium in the form of the 
generation of superheated liquid or vapor and subcooled vapor. 

During the process of examining the effect of flow rate upon the void-
fraction r e su l t s , an empir ical expression was obtained to incorporate the 
mass flow rate into an expression for the void fraction in t e rms of the 
or thobar ic-densi ty rat io and the quality. Of the several expressions con
tained in Polomik 's paper, '^ Eq. (22) was found to have limited agreement 
with data for s team-water sys tems. In addition, it contained no mass-f low-
rate effect. By chance, it was found that a mass-flow effect could be ob
tained if the expression were compared with a constant mass- f low-ra te line 
with the or thobaric-densi ty ratio replaced by a variable that contained both 
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the mass flow rate and the orthobaric-density ratio. The following ex
pression is obtained: 

_ a^(Y'^^- 1) + g 

'̂  ' Y - a ( Y - Y ' ^ ' ) ' 

where a is the average void fraction, and 

Y = PC(G/10*')". 

An alternate expression is given as 

(VI.C-5) 

(VI.C-6) 

{ [ x ( Y - Y ' ^ ^ ) + I F + 4 X Y ( Y ' ^ ^ - 1)}'^^ - [x(Y-Y'^^)+ \] 

2 ( Y ' ^ ' - 1) 
(VI.C-7) 

The mass flow rate, G, is given in Ib /hr -sq ft. For systems with heat ad
dition, the value of C is approximately 2.95, and the exponent, n, is 0.686. 
The apparent upper bound on the constant, C, given above is the mass flow 
rate corresponding to the start of wispy-annular flow. The constant mass -
flow-rate lines are shown in Fig. VI.23 with Y as the parameter . 

Fig. VI 23. Low-mass-flow-rate Correlation 
for Average Void Fraction 



Figure VI.24 compares the predicted average-void fraction from 
Eq. (VI.C-7) with the resul ts of three separate investigations. The data 
presented by Staub and Zuber"' for R-22 at a reduced pressure of 0.12 and 
a p of 47.1 were obtained at various degrees of subcooling for vert ical 
flow in a 0.4-in. tube with heat addition. The void fraction appeared to in
c rease as the inlet conditions approached saturation. The s team-water 
data of Cook for natural circulation in vertical, rectangular, multichannel 
sections have been included for a saturation pressure of 614 psia (^ = 37.1). 
The two test runs selected were chosen on the basis of the extent of the 
mass quality. Steam-water void fractions obtained by Egen, Dingee, and 
Chastain for 2000 psia (^ = 7.3) are shown. The mass flow rate was con
stant at approximately 0.66 x 10 Ib /hr -sq ft, but the subcooling was varied 
over a wide range. The greatest range of subcooling occurred in the lat ter 
case, which may account for the scatter in the resul ts . The closer a fluid 
is to the saturation condition at entrance to a boiling section, the better the 
agreement with Eq. (VI.C-7). The upper limit of the mass flow rate that 
may be employed in the expression is probably a function of the level of 
the system p res su re . Arbitrari ly, the value may be set at approximately 
0.7 x 10 Ib /h r - sq ft. The mass flow ra tes above 1 x 10 Ib /hr -sq ft do not 
follow the suggested trend indicated by the expression. Since subcooling 
presented a wider band of void fractions at a given quality and mass flow 
rate , the effect of subcooling (or heat flux level) enters the prediction of 
the void fraction. 

, „ , . G/I0* = 0 340 REFERENCE 
86psio 
RUN 610 IWATER „ . . „ * 
RUN 609}6l4psio ' '="° -O^OS 
" " " .0 /106.0 .66 
E000ps,a 

Fig. VI.24. Comparisons of Constant Mass-flow-rate 
Void-fraction Correlation 
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In summary, the average void fraction for a given orthobaric-densi ty 
ratio and quality is a function of the mass flow rate and the degree of sub
cooling (or heat-flux level). At low mass flow rates and qualities below ap
proximately 40%, the void fraction may be estimated by Eq. (VI.C-7) for 
inlet-flow conditions approaching saturation. The various graphs of the 
average void fraction indicate that the prediction of the void from mass 
quality and orthobaric-density ratio alone is not sufficient to account for the 
variation of experimental values. Hence, any prediction that does not in
corporate a mass-f low-rate effect is at best an approximation. 

In general, the higher the mass flow rate at a given quality, the 
higher the void fraction, or alternately, the lower the slip ratio. As the 
orthobaric-density ratio decreases (i.e., the system pressure increases) , 
the nearer the void fraction approaches the homogeneous flow model. In 
addition, the flow regimes that occur due to the mass-f low-ra te effect must 
be taken into account in that the void profile is altered in accordance with 
the particular flow regime encountered at a fixed quality. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

The flow regimes and their transit ions associated with a single-
component fluid were investigated for a range of mass flow ra tes and quali
t ies at a se r ies of fixed orthobaric-density rat ios . The fluid selected for 
this study was trichloromonofluoromethane, R-11, since it possessed a low 
cr i t ical p ressure and temperature , which facilitated the observation of the 
flow pat terns . In addition, the comparison of this fluid with the flow-regime 
resul ts of water provides a r igorous test of any similarity analysis. The 
additional information of the local-void-fraction profiles and the average 
values for this refr igerant at elevated p ressures provided data in an area 
that was lacking in any extensive resul ts for either horizontal or vert ical 
two-phase flow. 

The general level of the change in physical propert ies of this study 
presented some rather simplifying relationships, which may not hold at 
either very high orthobaric-density rat ios or near the cr i t ical point. The 
range of orthobaric-density ratio was from 60 to 7.5, which is considered 
as a range of moderate variations in thermodynamic and t ransport proper t ies . 

F rom the resul ts of this investigation, the selection of the or thobaric-
density ratio as a modeling parameter for comparison of fluids as widely 
divergent in their physical propert ies as R-11 and water was shown to be the 
proper basic modeling parameter . At a fixed orthobaric-density ratio, the 
flow-regime transi t ions were dependent upon other fluid propert ies . The 
examination of the physical propert ies of water and those of the Freongroup 
indicated that neither the reduced p ressu re nor the reduced temperature were 
adequate to express a s ingle-parameter function of the proper t ies . The use of 
the orthobaric-density ratio does not provide a s ingle-parameter function for 
the physical proper t ies . Two expressions were developed to correlate the 
surface tension and the dynamic liquid viscosity as a function of the reduced 
saturation p ressu re . A reference property at a reduced pressure of 0.03was 
selected, which provided a correlation over a wide range of reduced p r e s 
sures . The orthobaric-density ratio for both water and the Freons could be 
expressed as a linear function of the reciprocal of the reduced-saturation 
pressure with separate slopes for the fluids. Within the Freon group, the 
orthobaric-density ratio was expressible as a single-valued function of the 
reduced saturation p ressure . The correlation for the surface tension was 
obtained as 

—2—= 0 .749(P j - ' / ' ° d - P j ' . (lV.A-9) 

where the values of O0.03 are given in Table I. The dynamic liquid viscosity 
was expressed as 
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^' = 0.4(Pr)-°- '" , (lV.A-16) 
l^io... 

and the reference values are listed in Section IV.A-3. 

The investigation of fif/a disclosed that at identical or thobaric-
density ratios, this ratio had an approximately constant value of 20/3 when 
R-11 was compared with water. In the examination of the fluid-property 
group employed by Baker, "̂ this group possessed a nearly constant value of 
0.25 when this grouping was compared for R-11 and water at identical 
orthobaric-density ratios. The e r r o r s involved in Baker ' s paper were con
sidered in Section II.B. 

The flow regimes observed by the fluoroscope method and in the high
speed, color motion pictures were categorized as bubble, churn (or semi-
annular), wispy-annular, and annular flow. The appearance of the distinctive 
flow regime termed wispy-annular flow agreed with the recent observations 
of the Harwell group for water. An agglomerated, entrained, liquid phase 
was transported in the vapor core while there was a slow-moving liquid film 
on the walls. This entrainment of liquid ligaments probably occurred through 
the shearing of wave cres ts and the break-up of liquid bridges. The break-up 
of these ligaments into droplets leads to the dispersed annular-flow regime. 
There was an absence of plug flow at elevated p ressures . The churn-flow 
regime was employed as a descriptive term for both churn-slug and churn-
annular flow. 

The flow-regime data were presented in the form of a graph of super
ficial vapor and superficial liquid velocity for fixed orthobaric-density ratios. 
A comparison of the transition zones obtained for the refrigerant, R-11, did 
not correspond to the values indicated for steam-water systenns. The linear
ized stability analyses, which led to the Taylor-Helmholtz and Kelvin-
Helmholtz stability cri teria, were examined. Application of these resul ts 
led to a transition expression for churn to annular flow, which could be 
represented as either a function of the surface-tension and liquid-saturation-
density ratios between R-11 and water, or as a function of the liquid (or 
vapor) saturation-density ratio alone when the fluids were compared at iden
tical orthobaric-density ratios. The resultant expression for the transition 
from churn to annular flow was 

^sg = 0.9(gcD)'/M/3-l)'/^ 
°H,OPg 

+ 0.6P'/^Vs£, (VI.B-3) 

which was a modification of the Haberstroh and Griffith r e s u l t . " The t ran
sition could also be expressed as 



Vsg = 0.9(gcD)'/^ (/3 - l ) ' / ^ ^ | l O + o . 6 ^ ' / V s ^ (VI.B-4) 

where the superficial velocities are expressed in f t /sec . It was not possible 
to distinguish between a purely inertial , controlled system and one in which 
the interfacial forces are dominant. The values obtained for the modifying 
factors for the churn-to-annular transit ion expression are relatively con
stant over the test range and are approximately 0.49, 0.61, and 0.70 for the 
Taylor-Helmholtz, vapor-density ratio, and Kelvin-Helmholtz methods, 
respectively. 

The transit ion from churn to wispy-annular flow occurred at higher 
values of the superficial vapor velocity for water than for R-11 at identical 
or thobaric-densi ty ra t ios . An expression in which no diameter effect is 
included was obtained for the transition from churn to wispy-annular flow as 

- ^ + 0 . 1 9 4 V 3 i = 1.6 ^ ^ , (Vl.B-12) 

where the velocities are expressed in f t /sec, and the vapor densities are 
evaluated at identical orthobaric-density ra t ios . This expression in tersects 
the churn-to-annular-flow expression. However, physically, there does not 
appear to be a sharp discontinuity in these t ransi t ions. A smoothed t r a n s i 
tion line was shown in the plot of mass flow rate versus quality in Fig. VI.7 
joining the two express ions . The expression given by Eq. (VLB-12) would 
resul t in the vanishing of this regime at a superficial liquid velocity greater 
than the actual value since the bubble-flow transit ion was not considered in 
the limiting value. 

The transit ion from wispy-annular flow to annular flow occurred at 
nearly constant superficial liquid velocity at a given orthobaric-density 
rat io . There was not a great spread in the transit ion zone on the plot of 
superficial velocity. A nearly cube root of the or thobar ic-densi ty-ra t io 
dependency was noted in the data for the transit ion. An approximate ex
press ion was obtained for the wispy-annular to annular flow transit ion as 

Vsg = " V g ^ - 150Dy^ ' / ^ (VI.B-13) 

where Dj was unity for R-11 . A comparison of the transit ion for water at 
identical or thobaric-densi ty rat ios indicated that some factor separated 
the data from the R-11 resu l t s . The cube-root dependency appeared to hold 
for the water resu l t s also. The factor Di may involve the surface tension 
and the viscosity of the fluids. However, it was indicated previously that 
the differentiation between the inert ial effects and the interfacial effects was 



not possible. As an approximation for the variation of Dj between the water 
data and R-11, the following expression was given 

° ' ~^fR-iiAfH.O- ^""'-^-''^ 

which leads to identical transition lines in Fig. VI.7. 

In conclusion, the transitions observed at elevated p ressu res are best 
correlated in t e rms of the orthobaric-density ratio. That another fluid-
property te rm is required to translate resul ts from one fluid system to 
another was expected from thermodynamic considerations. The l inear-
stability analyses for open systems presented reasonable bounds for the 
transit ions. An extensive examination of the stability relationships is r e 
quired to determine more precise information for fluid flow in closed systems. 

The resul ts of the void-fraction determinations indicate that no p r e s 
ent correlation that excludes the mass-f low-rate effect can be considered 
adequate. It would also appear that subcooling or the heat-flux level must be 
taken into account for an adequate account of the variables involved. This 
factor becomes evident when the expression that was obtained for the m a s s -
flow-rate effect was examined in Fig. VI.24. For mass flow ra tes below 
approximately 0.7 x lO' Ib /hr -sq ft, the following expression was deternnined 
for the average void fraction 

^ _ {[x(Y-Y' /^)+lf + 4xY(Y ' / ^ - l )} ' ^ ' - [x(Y-Y' /^)+l ] (yi C-7) 
2(Y 1/3.1) 

where Y = ^ C ( G / 1 0 ' ) ; C is approximately 2.95, and the exponent n is 
0.686. This result was compared to s team-water and R-22 systems with 
good success for fluids that are near saturation at entrance to the heated 
section. It is concluded, fronn this investigation, that the flow regime is 
important in the determination of the void fraction in a given system, since 
the average void fraction is not uniquely determined from the knowledge of 
the mass quality and the system-saturat ion conditions. The increase in 
mass flow rate, in general, tends to increase the void fraction at a fixed 
quality and orthobaric-density ratio. The average void fraction approaches 
the homogeneous flow model as the system pressure approaches the cr i t ical 
point. This was evident in the absence of distinguishing charac te r i s t ics in 
the flow patterns at elevated p ressures , i.e., at low orthobaric-density rat ios. 

The following recommendations for continued investigations a re made: 

1. The findings of the flow-regime transit ions obtained in this study 
should be extended to liquid-metal systems. A cursory look at the available 
l i terature of the therodynamic and transport propert ies of liquid metals 
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indicates that some of the general property relationships obtained in this 
investigation can be applied. The use of the fluoroscope and X-ray unit 
would facilitate an investigation of this type. In addition, it would be r e c 
ommended that single-plate, X-ray photographs be utilized. This may en
tai l a modification of the present unit, but the resul ts would be beneficial 
in obtaining resu l t s that could not be photographed under the high-speed, 
color, motion-picture techniques employed in this study. Several or thobar ic-
densi ty-rat io levels could be investigated to determine the correspondence. 

2. The high-speed, color motion pictures of the type obtained in 
this investigation should be given further study to determine local bubble 
and liquid velocit ies as well as wave velocities and amplitudes in annular 
flow. A more comprehensive photographic study at a low-pressure level 
can be initiated to determine the zone of entrainment of liquid droplets . The 
precise causes for the development and termination of the wispy-annular 
flow regime should be examined, both experimentally and analytically. 

3. The effect of diameter has not been established in any of the 
investigations to a satisfactory degree. It would be beneficial to consider 
a fixed external loop and to vary the shape, size, and length of the test facil
ity. In par t icular , the proper equivalent diameter to be employed for non-
ci rcular conduits must be established. 

4. An extension of the investigation to flow regimes in the subcooled 
boiling region to determine the effect of heat-flux level and mass flow rate 
upon the pat terns would be a logical extension of the program of employing 
fluids for simulation of s team-water sys tems. However, it should be e s 
tablished to what extent both plug and bubble flow exist in fluid systems such 
as R-11 in comparison with the s team-water sys tems. The governing fac
tors in these flow regimes are unknown for systems involving single-
component fluids at elevated p r e s su re s . 

5. In an intermediate region along the saturation curve, the v i scos 
ity and surface tension undergo a large gradient as the orthobaric-densi ty 
rat io dec reases . This region is between the atmospheric a i r -water studies 
and the present investigation. A further examination of the flow patterns and 
their t ransi t ions in this region may present more complicated functional 
relat ionships, and this rea lm should be investigated. This a rea may present 
the grea tes t problems for analysis , since the gradients of the various prop
er t ies should be taken into account. 

6. In the selection of the part icular fluorocarbon as a modeling 
fluid, the fluid must be chosen on the basis of the operating tempera ture 
level that will be attained by the system. To reduce the uncertainty in the 
energy balance, the test fluid should be such that the operating tempera ture 
of the equipment is at, or near, room tempera ture . The order-of-magnitude 
difference in the latent heat of vaporization between the refr igerants and 
water is the pr ime factor in modeling accuracy for heat - t ransfer r e su l t s . 
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A P P E N D I X A 

V o i d - f r a c t i o n C o r r e c t i o n 

Dur ing the e x p e r i m e n t a t i o n , empty and full d e t e r m i n a t i o n s w e r e 
c a r r i e d out wi th the v o i d - t r a v e r s e equ ipmen t . In g e n e r a l , the e m p t y and 
full r e a d i n g s did not co inc ide wi th the t e m p e r a t u r e of the p a r t i c u l a r t e s t 
run . T h e r e f o r e , t h e s e r e a d i n g s had to be c o r r e c t e d to the t e s t cond i t ion . 
The following d e r i v a t i o n s w e r e m a d e for the c o r r e c t i o n f a c t o r s . A s e r i e s 
of t e s t emp ty - fu l l d e t e r m i n a t i o n s was i n s t i t u t e d to ve r i fy the d e r i v a t i o n s 
and the a s s u m p t i o n s nriade. Within the a c c u r a c y of the e q u i p m e n t involved , 
the t e s t r e s u l t s ve r i f i ed the c o r r e c t i o n f a c t o r s deve loped in the fol lowing 
p a r a g r a p h s . 

The vo l tage output for an empty r ead ing is 

Vg = C, exp(-UgXo), 

w h e r e 

Ci = VgCo/ l j . . 

The vo l tage output for a full r ead ing is 

Vp = C, exp(-U£Xo). 

The above r e l a t i o n s h i p s hold if the e m p t y and full r e a d i n g s a r e t a k e n at t he 
s a m e t e m p e r a t u r e s ; o t h e r w i s e , Cj = C I ( T ) , Ug = Ug(T), and U£ = U £ ( T ) . 
The a b s o r p t i o n coeff ic ient can be a p p r o x i m a t e d by 

Ug = ap and Uj- = ap , , 

ivhere a is a p r o p o r t i o n a l i t y cons t an t . 

If the e m p t y r ead ing is t aken at a d i f ferent p r e s s u r e but at the s a m e 
t e m p e r a t u r e as the full r ead ing , it fol lows that 

V g / v p = exp[xo(u f -u^ ) ] = e x p [ a x o ( p j - p ^ ) ] , (A-1) 

and 

V g / v p = exp[xo(u£-Ug)] = e x p [ a x o ( p j - p )], (A-2) 

w h e r e the p r i m e deno te s the s a t u r a t i o n condi t ion c o r r e s p o n d i n g to the dif
f e r e n t p r e s s u r e for the e m p t y r e a d i n g . T h e above e x p r e s s i o n s m a y be 
w r i t t e n a s 
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In (v^/vp) = axod -pg/pf) Pf 

= axo[l - ( l / /3 ' ) (p /p£)]p^, 

(A-3) 

(A-3a) 

and 

In (vg /vp) = axo( 1 - Pg/pp p^ 

= axod - l//3) p^. 

Thus, the correct ion is obtained as 

l n ( v p / v p ) ( l - l / | S ) 

ln(vL 1 - ( l / P ' ) ( p ' / p / 

(A-4) 

(A-5) 

where the saturat ion-densi ty ratio, pjp, is given as /3. Now, consider an 
empty-full ratio obtained at a different tempera ture than the desired empty-
full ratio. It is seen, from Eq. (A-4), that 

In 

In 

( V ' ^ F ) I 

( "EAF)^ 

pfd- i / i s ) 

P f d - i / p ) = k. (A-6) 

The variation in the empty-full ratios is approximately a function of 
the liquid-density rat ios at the different tempera tures when the saturation-
density rat io, (3, is large. For example, the saturat ion-densi ty ratio for 
water at 1000 psia is approximately 20. Thus, l//3 is 0.05, which represents 
a ra ther small factor when the actual empty-full ratio is determined at some 
value of p r e s s u r e not far removed from this value. The void fraction, a, 
can be Avritten as 

In (v/vp)^ + ln ( V F / V F ) ^ 

^^ ( ^EAF)I 

l n ( v . / v p j + l n ( v p / v p j 
(A-7) 

Thus, this expression provides a means of correct ing the void fraction for 
empty-full rat ios taken at some other condition. 

The expression for the full readings taken at different conditions is 
given by 
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l n ( v p / v p j = axo(p j^ -P£j + d s ( u 3 ^ - U s J , (A-8) 

where dg is the thickness of the s t ructural mater ia l and Ug is the absorption 
coefficient for the s t ructura l mater ia l . Hence, the additional t e r m in the 
void-fraction relationship is given by 

In ( v p / v p J (Pf̂  -Pfz)^ (ds/axo) (ug, - u^^) 

^^"(V^F), K f̂-̂ g)z 

[Pi/PUY^ (ds/axo)(us^-Ug^) 

' k ( l - 1/(3)2 * kp^ (1 - l/P)2 
(A-9) 

The evaluation of the second t e rm on the right-hand side of Eq. (A-9) is 
dependent upon the ratio of the change in absorption coefficient of the struc
tural mater ia l to the value of the absorption coefficient of the liquid. The 
second t e rm may be written as 

ds/xo •'sz 
k ( l - l/p)2 

where dg/xo is of the order of l /8 and k( 1 - l//3)2 is of the order of unity. 
The change in the absorption coefficient for the s t ructura l mate r ia l is de
pendent upon the change in the density of steel with tempera ture . Thus, 
the change in absorption coefficient for the s t ructural mater ia l is negligible 
for small changes in temperature . Hence, the second t e rm may be neglected. 
Or. the correction t e rm may be approximated by 

^"K^AF,) (pfAz)-^ 
k l n ( v g / v p ) " k ( l - l / p ) 2 

(A-10) 

The local void fraction, ttj, is determined by 

ln(vyvp^j l - ( p f / p j 
a. 

k In (vp/vp)^ k(l - l/^y 
(A-11) 
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APPENDIX B 

Proper t ies of F-11 at High Temperatures 

The orthobaric propert ies of trichloromonofluoromethane at elevated 
tempera tures were obtained in a prel iminary data form as mentioned in 
Section IV.-A and checked for consistency by the expressions obtained in 
that section. Table II includes the original information. The orthobaric-
liquid enthalpy indicated very little deviation from a smoothed curve and 
was employed directly without modification in graphical form. The latent 
heat of vaporization showed slight deviations from a smoothed curve above 
a saturation temperature of 300°F and was employed in graphical form as 
shown in Fig. B. l . 

TABLE II. Properties of F-11 at High Temperatures* 

Liquid and Saturated Vapor 
(preliminary) 

T e m p , 
°F 

160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
260 
270 
280 
290 

300 
310 
320 
330 
340 

350 
360 
370 
380 
388 .4 

P r e s s u r e , 
p s i a 

61 .04 
70 
80 
91 

102 
117 
131 
147 
164 

182 
202 
226 
250 
276 

302 
332 
362 
395 
430 

468 
507 
545 
590 
635 

V o l u m e , 
cu 

L i q u i d 

0 .01179 
0 .01198 
0 .01214 
0 .01226 

0 .01239 
0 .01262 
0 .01275 
0 .01293 
0 .01312 

0 .01331 
0 .01349 
0 .01373 
0 .01396 
0 .0142 

0 .0145 
0 .01485 
0 .01525 
0 .0157 
0 .01622 

0 .01683 
0 .0177 
0 .01875 
0 .02083 
0 .0290 

f t / l b 

V a p o r 

0 .7176 
0.617 
0.534 
0.472 

0.422 
0.380 
0.334 
0 .292 
0 .263 

0 .240 
0 .213 
0 .189 
0 .169 
0 .153 

0 .140 
0 .123 
0 .110 
0 .0979 
0 .0868 

0 .0782 
0 .0667 
0 .0584 
0 .0458 
0 .0290 

L i q u i d 

4 1 . 2 3 
4 3 . 8 
4 6 . 4 
4 8 . 6 

50.8 
53 .1 
55 .5 
58 .0 
60.5 

62.7 
65.0 
67.5 
70.0 
72 .5 

75.0 
77 .5 
80 .0 
83 .5 
87 .0 

90 .5 
94 .0 
98 .0 

103.0 
113.4 

H e a t C o n t e n t , 
B t u / l b ( - 4 0 ° F 

L a t e n t 

69 .89 
68.7 
67.6 
66.5 

65.4 

63.9 
62,7 
61.1 
59 .5 

58 .1 
56.7 
55.1 
53 .5 
51.7 

50.0 
4 8 . 0 
4 5 . 7 
4 2 . 4 
38.7 

34.9 
30 .8 
25 .6 
19.3 

0 

) 
V a p o r 

111.12 
112.5 
114.0 
115.1 

116.2 
116.0 
118.2 
119.1 
120.0 

1 2 0 . 8 ' 
121.7 
122 .6 
123.5 
124.2 

125.0 
125.5 
125.7 
125.9 
125.7 

125.4 
124 .8 
123.6 
122.3 
113.4 

*This table is through the courtesy of R. C. Downing, E.I. du Pont de 
Nemours & Company, Wilmington, Delaware. 
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Latent Heat of Vaporization 
for Freon-11 

2 0 0 5 0 0 

TEMPERATURE. ' F 

The o r t h o b a r i c - d e n s i t y r a t i o i s shown in F i g s . B.2 and B . 3 . T h i s 
r a t io had the l a r g e s t dev ia t ions s ince it was f o r m e d f r o m the s a t u r a t e d -
liquid and - v a p o r dens i t i e s that exhib i ted dev ia t ions ind iv idua l ly . The 
s a t u r a t e d - l i q u i d dens i ty is shown in F i g s . B.4 and B.5 . 
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Fig. B.2. Orthobaric-density Ratio for 
Freon-11 at 160-230*^F 
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Fig. B.3. Orthobaric-density Ratio for 
Freon-11 at 220-390°F 



SATURATED-LIQUID DENSITY, />,, Ib/cu f l 

Fig. B.4. Saturated-liquid Density for Freon-11 below 300°F 

SATURATED-LIQUID DENSITY. />, , Ib/cu ft 

Fig. B.5. Saturated-liquid Density for Freon-11 at 290-380°F 

The s a t u r a t e d - v a p o r dens i t y i s not shown s ince it can be ob ta ined 
f rom the i n c luded f i g u r e s . The s a t u r a t i o n l ine as a function of p r e s s u r e 
and temperature is a l so omitted. 
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APPENDIX C 

Summary of Data 

The data for the R-11 study were incorporated into a digital-
computer format, and the possible dimensional groupings were evaluated. 
In Table III, the mass flow rate, quality, heat flux, and the superficial 
liquid and -•. - por velocities are incorporated, along with the reduced p r e s 
sure and orthobaric-density ratio. In Table IV, the local void fractions are 
listed with the individual test number corresponding to its counterpart in 
Table III. 

The data from this investigation are on file with the Reactor Engi
neering Division, Argonne National Laboratory, Argonne, Illinois. The 
motion picture entitled "Two-phase Flow Pat terns of R-11" is available 
from the above source. 
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TABLE III. Data for R-11 Study 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2? 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

P 
r 

.55b8 

.5568 

.5600 

.5615 

.5584 

.5623 

.5571 

.5626 

.5618 

.5677 

.5582 

.5590 

.5614 

.5644 

.5573 

.5612 

.5628 

.5620 

.5653 

.5614 

.5588 

.5582 

.4086 

.4099 

.4078 

.4094 

.4078 

.4070 

.4088 

.4096 

.4080 

.4100 

.4103 

.4110 

.4086 

.4086 

.4086 

T 
r 

.9159 

.9159 

.9167 

.9169 

.9162 

.9170 

.9160 

.9172 

.9170 

.9183 

.9162 

.9166 

.9169 

.9178 

.9160 

.9168 

.9173 

.9170 

.9179 

.9169 

.9166 

.9162 

.6764 

.8767 

.8761 

.8766 

.8760 

.8758 

.8765 

.8767 

.8761 

.8768 

.8768 

.8770 

.8764 

.8764 

.8764 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

11. 
11, 
11. 
11. 
11. 
11. 
11. 
11. 
11. 
11, 
11, 
11, 
11, 
11, 
11, 

B 

.54 

.54 

.47 

.44 

.50 

.43 

.52 

.41 

.43 

.32 

.50 

.48 

.44 

.37 

.52 

.46 

.40 

.43 

.34 

.44 

.43 

.50 

.82 

.78 

.84 

.80 

.86 

.90 

.81 

.73 

.84 

.77 

.77 

.75 
,82 
,82 
.82 

Qual. 
x 

.040 

.084 

.170 

.119 

.257 

.063 

.211 

.267 

.467 

.236 

.198 

.219 

.342 

.143 

.208 

.238 

.289 

.139 

.191 

.223 

.233 

.276 

.179 

.197 

.384 

.304 

.248 

.198 

.326 

.241 

.197 

.234 

.254 

.081 

.110 

.147 

.156 

G/IÔ , 

lb 
hr ft^ 

1.255 
.953 
,679 

1.000 
.682 

1.366 
.721 
.626 
.443 
.519 
.996 
.724 
.537 

1.035 
.941 
.893 
.680 

1.227 
.570 
.954 
.970 
.806 
.766 
.989 
.602 
.791 
.928 

1.153 
.817 

1.082 
1.268 
1.253 
1.191 
1.022 
.814 
.678 
.917 

^sr 
f t 
sec 

5.06 
3.66 
2.37 
3.71 
2.12 
5.39 
2.39 
1.93 
.99 

1.67 
3.36 
2.38 
1.48 
3.74 
3.13 
2.86 
2.04 
4.45 
1.94 
3.12 
3.13 
2.45 
2.45 
3.10 
1.44 
2.14 
2.72 
3.60 
2.14 
3.20 
3.96 
3.74 
3.46 
3.67 
2.82 
2.25 
3.01 

sg' 

ft 
sec 

1.62 
2.56 
3.64 
3.75 
5.55 
2.71 
4.81 
5.22 
6.48 
3.79 
6.22 
5.01 
5.78 
4.61 
6.20 
6.71 
6.14 
5.37 
3.39 
6.67 
7.13 
7.03 
6.36 
8.98 

10.70 
11.10 
10.67 
10.63 
12.30 
12.04 
11.57 
13.52 
13.95 
3.80 
4.15 
4.61 
6.63 

Heat 
Flux 
X 10^, 

Btu 
hr ft^ 

25.999 
25.872 
26.510 
31.574 
31.574 
24.085 
36.425 
36.638 
35.702 
27.744 
45.574 
34.851 
34.978 
42.170 
44.553 
45.191 
37.063 
42.765 
21.574 
39.872 
39.744 
38.127 
28.510 
40.297 
44.042 
46.680 
46.170 
45.872 
50.978 
51.872 
51.872 
59.106 
60.255 
19.191 
18.978 
20.808 
29.787 
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TABLE III (Contd.) 

Run 
No. 

38 
39 
40 
41 
42 
4 3 
44 
4 5 
46 
47 
48 
49 
50 
51 
52 
5 3 
54 
55 
56 
57 
58 
59 
60 
61 
62 
6 3 
64 
65 
66 
67 

P 
r 

. 2 5 2 7 

. 2 5 2 7 

. 2 5 3 5 

. 2 5 1 1 

. 2 5 2 7 

. 2 5 0 3 

. 2 5 2 1 

. 2 5 0 5 

. 2 5 3 7 

. 2 5 1 3 

. 2 5 2 1 

. 2 5 0 5 

. 2 5 3 5 

. 2 5 3 5 

. 2 5 1 1 

. 2 5 1 1 

. 2 4 9 6 

. 2 5 4 3 

. 2 5 1 9 

. 2 5 2 5 

. 2 5 4 1 

. 2 5 4 1 

. 2 5 1 8 

. 2 5 1 8 

. 2 5 1 8 

. 2 5 1 8 

. 2 5 3 2 

. 2 4 9 2 

. 2 5 1 6 

. 2 5 3 2 

T 
r 

. 8 2 2 1 

. 8 2 2 1 

. 8 2 2 6 

. 8 2 1 4 

. 8 2 2 1 

. 8 2 1 1 

. 8 2 1 6 

. 8 2 1 2 

. 8 2 2 7 

. 8 2 1 5 

. 8 2 1 6 

. 8 2 1 2 

. 8 2 2 6 

. 8 2 2 6 

. 8 2 1 4 

. 8 2 1 4 

. 8 2 0 6 

. 8 2 2 8 

. 8 2 1 5 

. 8 2 2 0 

. 8 2 2 7 

. 8 2 2 7 

. 8 2 1 4 

. 8 2 1 4 

. 8 2 1 4 

. 8 2 1 4 

. 8 2 2 4 

. 8 2 0 6 

. 8 2 1 4 

. 8 2 2 4 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
2 0 . 
2 0 . 
2 0 . 
2 1 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 0 . 
2 1 . 
2 0 . 
2 0 . 

e 
. 6 9 
. 6 9 
. 6 0 
. 8 5 
. 6 9 
. 9 2 
. 8 2 
. 9 2 
. 5 6 
. 8 4 
. 8 4 
. 9 2 
. 6 0 
. 6 0 
. 8 5 
. 8 5 
. 0 6 
. 5 5 
. 8 2 
. 7 0 
. 5 6 
. 5 6 
. 8 5 
. 8 5 
. 8 5 
. 8 5 
. 6 0 
. 0 6 
. 8 5 
. 6 0 

Qual . 
X 

. 1 8 7 

. 3 1 8 

. 1 6 8 

. 1 3 3 

. 2 2 5 

. 3 1 3 

. 0 4 7 

. 0 5 8 

. 0 7 3 

. 0 9 2 

. 1 2 5 

. 1 8 1 

. 0 7 2 

. 0 9 3 

. 1 0 7 

. 1 1 9 

. 1 5 5 

. 1 8 2 

. 2 6 8 

. 0 4 2 

. 0 4 1 

. 0 5 7 

. 0 7 5 

. 0 9 6 

. 0 9 1 

. 1 2 6 

. 1 4 7 

. 1 6 4 

. 1 9 3 

. 2 0 5 

G / 1 0 ^ 

lb 
hr f t ^ 

1 . 0 1 5 
. 6 7 9 
. 7 8 9 
. 9 4 7 
. 5 9 8 
. 4 5 9 

1 . 9 4 4 
1 . 5 7 3 
1 . 3 6 9 
1 . 1 7 9 

. 9 2 5 

. 9 2 5 
1 . 9 1 2 
1 . 6 4 2 
1 . 4 9 7 
1 . 4 0 3 
1 . 1 6 1 

. 9 4 8 

. 7 4 1 
1 . 8 5 6 
1 . 5 6 8 
1 . 4 8 1 
1 . 3 2 1 
1 . 1 3 9 

. 9 6 4 

. 7 0 0 
1 . 9 4 6 
1 . 6 7 9 
1 . 4 5 2 
1 . 3 7 0 

\v 
f t 
s e c 

2 . 9 9 
1 . 6 8 
2 . 3 8 
2 . 9 7 
1 . 5 8 
1 . 1 4 
6 . 7 2 
5 . 7 2 
4 . 6 1 
3 . 8 8 
2 . 9 3 
2 . 7 4 
6 . 4 5 
5 . 4 1 
4 . 8 5 
4 . 4 8 
3 . 5 6 
2 . 8 1 
1 . 9 6 
6 . 4 9 
5 . 8 1 
5 . 0 7 
4 . 4 3 
3 . 7 3 
3 . 1 7 
2 . 2 2 
5 . 0 2 
5 . 0 8 
4 . 2 5 
3 . 9 5 

^sg-

f t 
s e c 

1 4 . 3 3 
1 6 . 2 5 

9 . 9 8 
9 . 5 8 

1 0 . 1 4 
1 0 . 9 3 

5 . 9 1 
7 . 3 8 
7 . 4 8 
8 . 2 1 
8 . 8 1 

1 2 . 7 3 
1 0 . 3 1 
1 1 . 4 7 
1 2 . 1 5 
1 2 . 6 4 
1 3 . 8 5 
1 2 . 9 6 
1 5 . 0 8 

5 . 9 2 
5 . 2 1 
6 . 3 5 
7 . 5 0 
8 . 3 5 
6 . 6 9 
6 . 6 8 

2 1 . 4 2 
2 1 . 1 0 
2 1 . 2 1 
2 1 . 0 6 

Heat 
Flux 

X 10' , 

Btu 
hr ff^ 

4 4 . 7 2 3 
4 7 . 2 7 6 
3 1 . 7 8 7 
3 1 . 4 8 9 
3 1 . 3 1 9 
3 1 . 5 3 1 
3 3 . 0 6 3 
3 3 . 2 7 6 
3 3 . 0 2 1 
3 3 . 0 2 1 
3 3 . 1 4 8 
4 5 . 0 8 5 
4 5 . 9 9 9 
4 6 . 5 1 0 
4 7 . 3 6 1 
4 8 . 0 4 2 
4 8 . 2 9 7 
4 6 . 5 3 8 
4 8 . 0 8 5 
2 3 . 3 6 1 
2 3 . 3 5 1 
2 3 . 3 5 1 
2 3 . 5 3 1 
2 3 . 5 3 1 
2 4 . 0 4 2 
2 3 . 9 1 4 
6 1 . 7 0 2 
6 1 . 5 1 7 
6 1 . 7 0 2 
6 1 . 7 8 7 
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TABLE III (Contd.) 

Run 
No. 

68 
69 
70 
71 
72 
73 
74 
75 
76 
7 7 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 

P 
r 

.2518 

.2533 

.2518 

.2510 

.2510 

.2502 

.2502 

.2518 

.2510 

.2494 

.2525 

.2525 

.2533 

.2518 

.2510 

.2486 

.2525 

.2494 

.2533 

.2510 

.2510 

.2510 

.2525 

.2494 

.2533 

.2518 

.2510 

.2525 

.2502 

.2502 

T 
r 

.8214 

.8225 

.8214 

.8213 

.8213 

.8208 

.8208 

.8214 

.8213 

.8206 

.8220 

.8220 

.8225 

.8214 

.8213 

.8202 

.8220 

.8206 

.8225 

.8213 

.8213 

.8213 

.8220 

.8206 

.8225 

.8214 

.8213 

.8220 

.8208 

.8208 

i. 
20, 
20, 
20, 
20, 
20, 
21, 
21. 
20. 
20. 
21. 
20. 
20. 
20. 
20. 
20. 
21. 
20. 
21. 
20. 
20. 
20. 
20. 
20 
21. 
20. 
20, 
20. 
20. 
21. 
21. 

,85 
.60 
.85 
.85 
.85 
.00 
.00 
.85 
.85 
.06 
.70 
.70 
.60 
.85 
.85 
.15 
.75 
.05 
.60 
.85 
.85 
.85 
.75 
.05 
.60 
.85 
.85 
.75 
.00 
.00 

Qual. 
X 

.166 

.184 

.223 

.277 

.388 

.874 

.120 

.151 

.20? 

.307 

.042 

.061 

.074 

.104 

.177 

.213 

.146 

.175 

.350 

.265 

.380 

.873 

.110 

.162 

.037 

.045 

.053 

.070 

.113 

.162 

G/10^, 

lb 
hr ft^ 

1.126 
1.030 
.886 
.728 
.544 
.251 
.888 
.723 
.556 
.388 

1.200 
.943 
.843 
.640 
.405 
.342 

1.054 
.854 
.469 
.489 
.357 
.160 

1.039 
.749 

1.065 
.947 
.827 
.567 
.463 
.324 

"sV 

ft 
sec 

3.40 
3.05 
2.49 
1.91 
1.20 
.11 

2.83 
2.22 
1.60 
.97 

4.17 
3.21 
2.83 
2.08 
1.20 
.97 

3.26 
2.55 
1.10 
1.30 
.80 
.07 

3.35 
2.27 
3.72 
3.27 
2.84 
2.25 
1.49 
.98 

ŝg-

ft 
sec 

14.15 
14.25 
14.95 
15.29 
15.99 
16.77 
8.15 
8.27 
8.50 
9.13 
3.84 
4.35 
4.68 
5.05 
5.44 
5.60 

11.65 
11.42 
12.29 
9.85 

10.29 
10.58 
8.61 
9.31 
3.00 
3.29 
3.33 
3.53 
3.99 
4.01 

Heat 
Flux 
X 10^ 

Btu 
hr ft^ 

43.999 
43.744 
44.340 
44.595 
44.553 
44.170 
24.553 
24.382 
24.212 
24.893 
15.148 
15.063 
15.148 
15.106 
15.574 
15.574 
34.680 
34.382 
34.212 
28.297 
28.553 
28.553 
27.872 
27.999 
11.617 
11.659 
11.574 
11.531 
11.531 
11.659 



TABLE 111 (Contd.) 

Run 
No. 

98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 

P 
r 

.2196 

.2212 

.2192 

.2200 

.2212 

.2189 

.2174 

.2182 

.2174 

.2218 

.2195 

.2203 

.2187 

.2211 

.2179 

.2179 

.2187 

.2199 

.2171 

.2190 

.2182 

.2182 

.2182 

.2196 

.2196 

.2196 

.2192 

.2200 

.2215 

.2215 

.2200 

.2184 

.2181 

.2181 

.2181 

T 
r 

.8073 

.8079 

.8070 

.8074 

.8079 

.8058 

.8051 

.8063 

.8061 

.8083 

.8071 

.8074 

.8077 

.8077 

.8062 

.8062 

.8077 

.8073 

.8060 

.8070 

.8063 

.8063 

.8053 

.8073 

.8073 

.8073 

.8071 

.8074 

.8081 

.8081 

.8073 

.8054 

.8063 

.8063 

.8063 

i 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24. 
24. 
24, 
24 
24 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24, 
24. 
24, 
24. 
24. 
24. 
24. 
24. 

î  

.37 

.19 

.40 

.36 

.19 

.50 

.72 

.69 

.72 

.00 

.39 

.35 

.13 

.13 

.67 

.67 

.13 

.37 

.65 

.40 

.69 

.69 

.59 
,37 
,37 
,37 
.39 
,35 
.10 
.10 
,37 
,68 
69 
69 
,69 

Qual. 
X 

.213 

.162 

.240 

.295 

.134 

.015 

.022 

.040 

.065 

.027 

.044 

.078 

.183 

.060 

.038 

. 061 

.105 

.280 

.078 

.101 

.310 

.203 

.188 

.258 

.282 

.388 

.052 

.060 

.077 

.115 

. 067 

. 081 

.099 

.125 

.157 

G/IÔ , 

h: 

1 
1 
1 

1 
1 
1 

1 
1 

1 
1 

1 

1. 
1. 

1, 
1, 
1, 

1, 
1, 
1. 
1. 

lb 
r ft^ 

.273 

. 049 

.047 

.576 

.274 

.259 

.060 

.848 

.614 

.290 

.056 

.792 

.419 

.244 

.151 

.918 

.587 

.325 

.049 

.847 

.422 

.544 

.058 

.134 

.938 

.705 

.624 

.408 
,212 
.935 
,889 
,683 
.403 
.186 
.970 

^s£' 

ft 
sec 

3.57 
3.14 
2.83 
1.45 
3.94 
4.45 
3.59 
2.90 
2.04 
4.48 
3.50 
2.60 
1.22 
4.17 
3.94 
3.07 
1.87 
.83 

3.44 
2.71 
1.03 
1.54 
3.06 
3.00 
2.40 
1.53 
5.49 
4.72 
3.99 
2.95 
6.28 
5.51 
4.50 
3.70 
2.91 

V , 
sg 

ft 
sec 

23.67 
14.75 
21.93 
14.82 
14.83 
1.73 
2.05 
3.02 
3.57 
3.05 
4.09 
5.38 
6.64 
6.51 
3.92 
4.98 
5.34 
7.95 
7.20 
7.45 

11.54 
9.75 

17.57 
25.51 
23.02 
23.85 
7.41 
7.42 
8.12 
9.37 

11.10 
12.05 
12.31 
13.11 
13.48 

Heat 
Flux 

X l o ^ 

Btu 
hr ft^ 

59.999 
40.425 
60.212 
40.170 
40.580 
12.893 
12.978 
13.105 
13.319 
20.297 
20.468 
20.765 
20.297 
29.702 
20.170 
20.468 
20.297 
20.468 
29.517 
27.872 
29.787 
29.489 
55.872 
58.212 
57.787 
57.531 
32.255 
32.212 
32.978 
32.595 
45.702 
45.517 
45.872 
45.957 
45.999 
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TABLE III (Contd.) 

Run 
No. 

153 
164 
165 
166 
157 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
164 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 

P 
r 

.1496 

.1502 

.1518 

.1486 

.1464 

.1455 

.1472 

.1456 

.1467 

.1459 

.1451 

.1462 

.1444 

.1395 

.1442 

.1447 

.1439 

.1434 

.1450 

.1447 

.1447 

.1447 

.1447 

.1439 

.1447 

.1447 

.1455 

.1451 

.1451 

.1447 

.1448 

.1448 

.1433 

.1440 

T 
r 

.7701 

.7705 

.7714 

.7594 

.7582 

.7676 

.7686 

.7678 

.7683 

.7580 

.7574 

.7681 

. 7658 

.7639 

.7668 

.7570 

.7655 

.7653 

.7673 

.7670 

.7570 

.7670 

.7670 

.7665 

.7670 

.7670 

.7676 

.7674 

.7674 

.7670 

.7672 

.7672 

.7663 

.7667 

J 
35 
36 
36 
37 
37 
37 
37 
37 
37 
37 
37 
37 
38 
39. 
38. 
38. 
38, 
38, 
37, 
38, 
38, 
38. 
38. 
36, 
38. 
38, 
37, 
37. 
37. 
38. 
38. 
38. 
38. 
38. 

[ 

.80 

.65 

.35 

.08 

.52 

.73 

.45 

.73 

.50 

.65 

.95 

.57 

.10 

.42 

.10 

.08 

.19 

.25 

.95 

.03 
,08 
,03 
,08 
,19 
.08 
.03 
.73 
.95 
,95 
03 
00 
00 
25 
18 

Qual. 
X 

.057 

.107 

.012 

.114 

.155 

.316 

.212 

.251 

.012 

.017 

.027 

.044 

.049 

.173 

.323 

.287 

.180 

.205 

.027 

.035 

.044 

.053 

.067 

.082 

.100 

.125 

.153 

.062 

.071 

.122 

.153 

.171 

.207 

.234 

G/10^, 

lb 
hr ft^ 

1 
1 

1 

1 

2 
1 
1, 
1. 
1. 
1. 
1, 
1, 

2, 
1, 
1, 
1. 
1. 
1. 
1. 

.880 

.553 

.505 

.858 

.669 

.400 

.325 

.147 

.997 

.750 

.550 

.340 

.271 

.214 

.623 

.683 

.117 

.966 

.029 

.753 

.579 

.342 

.123 

.514 

.381 

.167 

.926 

.026 

.844 
,957 
,813 
.624 
.340 
.200 

%r 
ft 
sec 

2.82 
1.68 
1.71 
2.60 
1.92 
.93 

3.56 
2.92 
3.36 
2.51 
1.82 
1.11 
.88 

3.40 
1.44 
1.65 
3.12 
2.51 
6.73 
5.76 
5.15 
4.33 
3.57 
5.05 
4.24 
3.48 
2.57 
6.48 
5.84 
5.86 
5.23 
4.59 
3.62 
3.13 

V , 
sg 

ft 
sec 

5.29 
7.38 
.76 

12.49 
13.42 
16.33 
35.97 
37.25 
1.62 
1.68 
1.95 
1.92 
1.75 

28.24 
26.21 
25.56 
26.30 
26.06 
7.20 
8.19 
9.10 
9.41 
9.83 

17.33 
17.96 
19.04 
18.30 
16.38 
17.10 
31.04 
35.12 
36.11 
35.19 
35.68 

Heat 
Flux 
X 10^ 

Btu 
hr ft^ 

21.914 
22.042 
10.425 
28.638 
27.957 
28.978 
56.936 
67.319 
4.978 
4.893 
4.978 
4.893 
4.978 

45.361 
45.404 
45.148 
45.787 
46.042 
18.723 
18.723 
18.723 
18.723 
18.893 
32.553 
32.723 
34.297 
33.234 
33.744 
33.319 
61.319 
52.212 
61.702 
61.191 
61.191 
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TABLE III (Contd.) 

Run 
No. 

197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 

P 
r 

.0980 

.0966 

.0965 

.0980 

.0980 

.0948 

.0964 

.0980 

.0984 

.0972 

. 0984 

.0972 

.0933 

.0966 

.0958 

.0958 

.1005 

.0970 

.0942 

.0942 

.0966 

.0974 

.0974 

.0990 

.0971 

.0982 

T 
r 

.7332 

.7319 

.7319 

.7332 

.7332 

.7306 

.7318 

.7332 

.7336 

.7326 

.7336 

.7326 

. 7294 

.7319 

.7316 

.7316 

.7353 

.7321 

.7297 

.7297 

.7319 

.7327 

.7327 

.7340 

.7325 

.7334 

1 
58. 
59. 
59. 
58. 
58. 
60. 
59. 
58, 
58. 
59. 
58, 
59, 
51. 
59. 
60. 
60. 
57, 
59, 
61, 
51 
59 
59 
59 
58 
59 
56 

70 
80 
80 
,70 
,70 
,75 
,80 
,70 
.30 
,10 
.30 
.10 
.75 
.80 
,00 
.00 
.00 
.05 
.60 
.60 
.80 
.00 
.00 
.00 
.10 
.50 

Qual. 
X 

.237 

.048 

.048 

.045 

.086 

.027 

.180 

.115 

.075 

.017 

.095 

.334 

.015 

.350 

.334 

.515 

.099 

.189 

.525 

.394 

.192 

.323 

.121 

.028 

.018 

.013 

G/10^ 

lb 
hr ft^ 

.203 

.830 

.830 

.209 

.271 

.518 

.273 

.430 

.627 

.357 

.108 

.090 

.954 

.319 

.340 

.395 
1.002 
.565 
.219 
.522 
.925 
.452 

1.056 
1.236 
1.218 
.892 

^s£-

ft 
sec 

.51 
2.59 
2.59 
.65 
.81 

1.97 
.73 

1.25 
1.90 
1.15 
.32 
.19 

3.07 
.68 
.74 
.62 

3.02 
1.50 
.34 

1.03 
2.45 
1.00 
3.04 
3.95 
3.93 
2.89 

V , 
sg 

ft 
sec 

9.35 
7.85 
7.85 
1.82 
4.55 
3.35 
9.67 
9.56 
9.06 
1.20 
2.00 
5.87 
3.02 

21.99 
22.44 
40.19 
19.11 
20.81 
23.29 
41.57 
34.94 
28.43 
24.85 
6.75 
4.33 
2.29 

Heat 
Flux 
X 10^ 

Btu 
hr ft^ 

12.851 
12.978 
12.978 
4.093 
8.510 
8.765 

12.851 
13.021 
13.148 
4.012 
4.093 
8.595 
8.723 

27.829 
28.638 
51.191 
38.595 
28.042 
28.255 
51.559 
50.893 
39.574 
39.574 
11.744 
8.468 
6.085 
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TABLE III (Contd.) 

Run 
No. 

223 
224 
22-^ 
226 
227 
226 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
24? 
243 
244 
245 
245 
247 

P 
r 

.1146 

.1096 

.1020 

.1036 

.1058 

.1081 

.1007 

.0998 

.0968 

.0975 

.1039 

.1035 

.1088 

.0995 

.1023 

.0985 

.0976 

.0945 

.1039 

.1192 

.1018 

.1058 

.1102 

.1118 

.1118 

T 
r 

.7463 

. 7424 

.7356 

.7377 

.7399 

.7413 

.7354 

.7346 

.7325 

.7327 

.7383 

.7377 

.7420 

. 7344 

.7372 

.7337 

.7327 

.7305 

.7383 

.7498 

. 7354 

.7398 

.7432 

.7445 

.7445 

1 
48.90 
51, 
56, 
55, 
53, 
52, 
57, 
57, 
59, 
59, 
54, 
55, 
51, 
57, 
55, 
58, 
59, 
60, 
54, 
46, 
56, 
53, 
51, 
50, 
50 , 

.60 

.00 

.10 

.40 

.40 

.00 

.60 

.50 

.20 

.70 

.10 

.90 

.80 

.50 

.40 

.20 

.90 

.70 

.60 

.20 

.50 

.00 

.10 

.10 

Qual. 
X 

.145 

.495 

.525 

. 06? 

.111 

.0 75 

.0 33 

. 016 

. 0 38 

.066 

.282 

.062 

.217 

. 044 

.005 

.020 

.065 

.040 

. 005 

.253 

.000 

.073 

.291 

.139 

.139 

G/10^ 

lb 
hr ft^ 

1.329 
.533 
.427 
.756 
.433 
.632 

1.316 
1.071 
.544 
.309 
.308 
.756 
.227 

1.080 
1.316 
.875 
.309 
.306 

2.143 
.910 

2.420 
.887 

1.022 
1.866 
1.865 

^£-

ft 
sec 

3.77 
.89 
.66 

2.34 
1.27 
1.93 
4.19 
3.46 
1.72 
.94 
.73 

2.34 
.58 

3.39 
4.32 
2.82 
.94 
.96 

7.04 
2.27 
7.98 
2.72 
2.40 
5.34 
5.34 

V , 
sg 

ft 
sec 

31.71 
45.25 
41.53 
8.60 
8.59 
8.25 
8.25 
3.43 
4.04 
4.02 

15.73 
8.60 
8.51 
9.20 
1.27 
3.52 
4.02 
2.49 
2.27 

35.98 
.08 

11.55 
50.48 
43.36 
43.35 

Heat 
Flux 
X 10^ 

Btu 
hr ft^ 

53.148 
62.893 
52.638 
12.936 
13.021 
12.936 
12.808 
5.097 
5.170 
5.170 

21.872 
12.935 
13.234 
12.765 
6.097 
6.170 
6.170 
4. 059 

28.808 
72.851 
28.595 
29.234 
74.042 
74.510 
74.510 



TABLE IV. Void Data for R-11 Study 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
57 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

.:̂ 20G 

.?534 

.4156 

.:^992 

.4563 

.2087 

.3770 

.4150 

.7123 

.^057 

.3642 

.3232 

.4429 

.2221 

.4995 

.4063 

.7933 

.5992 

.7542 

.3563 

.7100 

.7438 

.5751 

.783fl 

.R191 

.8175 

.6818 

.5758 

.7853 

.5372 

.5751 

.6095 

.6451 

.3723 

.4919 

.5771 

.5490 

.2559 

.3238 

.4754 

.4299 

.5714 

.2738 

.4583 

.4747 

.7157 

.6770 

.5341 

.5971 

.7509 

.4474 

.5835 

.5927 

.7285 

.5812 

.7383 

.5199 

.6323 

.6789 

.7203 

.7861 

.9073 

.8415 

.8258 

.6994 

.8327 

.7331 

.6915 

.7260 

.7544 

.5875 

.6235 

.7027 

.5653 

.1378 

.2690 

.4554 

.3755 

.5424 

.2089 

.4601 

.5317 

.6213 

.7147 

.6199 

.6726 

.7497 

.5465 

.6146 

.5474 

.7322 

.6122 

.7547 

.5875 

.5945 

.6333 

.7980 

.7802 

.9063 

.8512 

.8357 

.7229 

.7882 

.7539 

.7268 

.7605 

.7605 

.6638 

.7005 

.7422 

. 7249 

.1278 

.2579 

.4765 

.3539 

.5468 

.2355 

.4903 

.5213 

.6099 

.6763 

.5325 

.5799 

.7415 

.5515 

.6101 

.6247 

.6935 

.6313 

. 7444 

.5875 

.6152 

.6293 

.8273 

.7973 

.8926 

.8353 

.8147 

.7319 

.8052 

.7621 

.7475 

.7814 

.7942 

.7334 

. 7516 

.7914 

.7549 

.1405 

.2855 

.5170 

.3902 

.5938 

.2399 

.5309 

.5591 

.6280 

.6419 

.6365 

.5640 

.7120 

.5644 

.6230 

.5240 

.6828 

.5302 

.6911 

.5726 

.6272 

.6310 

.8342 

.8018 

.8948 

.8327 

.8249 

.7508 

.8095 

.7769 

.7469 

.7769 

.7800 

.7511 

.7786 

.8013 

.7736 

Local Void 

.1486 

.2958 

.5374 

.4186 

.6153 

.2250 

.5639 

.5924 

.6470 

.5416 

.6456 

.6558 

.7359 

.5768 

.6129 

.6456 

.6762 

.5977 

.6845 

.5688 

.6305 

.6375 

.8640 

.8154 

.8943 

.8534 

.8487 

.7401 

.8272 

.7790 

.7805 

.7601 

.7790 

.7623 

.7638 

.7895 

.7799 

Values 

.1559 

.3099 

.5400 

.4024 

.5771 

.2232 

.5557 

.5934 

.6581 

.6332 

.5154 

.6244 

.6912 

.5916 

.6086 

.5323 

.5729 

.6224 

.6909 

.5054 

.5044 

.6285 

.8451 

.8054 

.8670 

.8446 

.8220 

.7368 

.8069 

.7532 

.7609 

.7594 

.7748 

.7529 

.7769 

.7865 

.7866 

.1540 

.3257 

.5285 

.4054 

.5751 

.2356 

.5515 

.5795 

.5333 

.5438 

.6097 

.6315 

.5935 

.5515 

.5119 

.5293 

.5704 

.5225 

.5854 

.5899 

.6228 

.6435 

.8324 

.7997 

.8724 

.8517 

.8324 

.7385 

.8075 

.7586 

.7601 

.7681 

.7840 

.7235 

.7641 

.7641 

.7641 

.1344 

.3053 

.4782 

.3555 

.5467 

.1988 
,4705 
.5299 
.5141 
.6487 
.6047 
.5300 
.5924 
.5444 
,5035 
.5185 
.5914 
.5183 
.7101 
.5843 
.6083 
.5257 
.8135 
,7951 
,8827 
,8437 
.8358 
.7072 
.8072 
.7542 
,7492 
,7539 
,7801 
,5954 
.7510 
.7409 
,7510 

,1483 
,3000 
,4383 
,3954 
,5098 
.2071 
,4454 
,4891 
,5318 
.6701 
.5897 
.5952 
.5951 
.5171 
.5721 
.5914 
.6787 
.5525 
.7053 
.5445 
.5904 
.6395 
.7850 
.7845 
.9027 
.8518 
.8299 
.7352 
.8356 
.7574 
.7517 
.7574 
.7845 
,5428 
.6514 
.7049 
.6943 

.1508 

.2119 
, J780 
,3279 
.4974 
.1731 
.3947 
.3999 
.6303 
.7252 
.6767 
.6753 
. 7835 
,5778 
.5954 
.5942 
.6655 
.4446 
.6597 
.5203 
.6552 
,6759 
.7135 
.>345 
.8251 
.8236 
. 7809 
, /369 
.8153 
. 7345 
.6906 
.7436 
,>571 
,5130 
.4915 
.6178 
.5372 

.1452 

.2757 

.3584 

.3160 

.5778 

.1859 

.3932 

.3577 

.5770 

.8505 

.8545 

.7702 
,9594 
.6657 
.7338 
.6782 
.6773 
.3417 
.4893 
.5248 
.6785 
.5507 
.4955 
.5794 
.5894 
.7242 
,5354 
.5901 
.6809 
.6339 
.5894 
.7242 
.5339 
,3910 
.2750 
,4497 
,4585 



TABLE IV (Contd.) 

Run 
No. 

38 
39 
40 
41 
42 
43 
44 
^•i 
46 
47 
48 
49 

50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
ftO 
M 
62 
63 
54 
65 
66 
67 

. 7197 

.^561 

.0603 

.1253 
-.0934 
.3807 
.5483 
.^932 
.5014 
.4875 
.4798 
.5635 
.5433 
. '•408 

.3950 

.^618 

.5433 

.'•912 
. .'-738 
. 3994 
. 0556 
.3513 
.4001 
.3533 
.2088 
.3533 
. /930 
.7363 
.7104 
. ̂ 668 

.6702 

.7322 

.6016 

.5?12 

.5621 

. 7635 

.5298 

.5464 

.5325 

.5298 

.5871 

.7099 

.5732 

.6315 

.5972 

.6226 

.6315 

.6743 

.7455 

.4759 

.3819 

. 4626 

.4567 

.5621 

.4527 

.4845 

.7562 

.7472 

.7536 

. 7668 

.7159 

.8130 

.6919 

.6464 

.7165 

.8133 

. 4658 

.5036 

.5256 

.5538 

.6324 

. 7213 

.6291 

.6458 

.6277 

.6841 

.6854 

. 7757 

.8335 

.5437 

.4980 

.5625 

.5812 

.5468 

.5812 

.6468 

.7936 

. 7800 

.7670 

.7783 

.7750 

.8381 

. 7464 

.7020 

.7659 

.8466 

.4977 

.5757 

.5841 

.6414 

.5664 

.7650 

.6915 

. 7228 

.7310 

. 7495 

.7841 

.8292 

.8749 

.5657 

.5543 

.6919 

.6424 

.7320 

.5619 

.7507 

.8385 

.8160 

.7940 

.3144 

.7917 

.8274 

. 7450 

.7218 

.7927 

.8255 

. 4944 

.6035 

.6293 

.7014 

.7278 

.8023 

.7231 

.7523 

. 7716 

. 7745 

.8010 

.8432 

.8807 

.6157 

.5784 

.6402 

. 7458 

.7612 

.7149 

.7975 

.8413 

.8311 

.8135 

.8205 

Local Void 

.7974 

.8498 

. 7874 

.7527 

. 7915 

.8414 

.5191 

.5232 

.6588 

. 7157 

.7471 

.8188 

. 7299 

.7723 

.7771 

. 7993 

.8055 

.8521 

.8804 

.6782 

.5905 

.6737 

.7713 

.8074 

.7501 

.8223 

.8556 

.8436 

.8311 

.8302 

Values 

.7988 

.8518 

.7993 

.7670 

.•8083 

.8548 

.5282 

.6256 

.5493 

.7099 

.7737 

.8243 

.7358 

.7748 

.7712 

.7987 

.8104 

.8508 

.8583 

.6850 

.5789 

.5549 

.7595 

.8021 

.7305 

.7936 

.8291 

.8224 

.8151 

.8067 

.7960 

.8491 

.7915 

.7503 

.8103 

.8551 

.5056 

.6159 

.6332 

.5784 

.7654 

.8080 

.7170 

.7359 

.7614 

.7809 

.7872 

.8355 

.8702 

.5239 

.5693 

.5318 

.7335 

.8005 

.7186 

.7715 

.8253 

.8127 

.8053 

.8139 

,7749 
.8476 
.7559 
.7119 
.7811 
,8558 
.4945 
.6031 
.6202 
.6524 
.7188 
.7589 
.5779 
.5952 
,7313 
,7369 
.7518 
.8125 
.8526 
.5346 
,5453 
.5723 
,5753 
.7304 
.5815 
.7354 
.8098 
.7820 
.7990 
.7852 

.7024 

.8079 

.7031 

.6722 

.7308 

.8340 

.4746 

.5416 

.5597 

.6066 

.6353 

.7410 

.6745 

.6804 

.6794 

.5705 

.7129 

.7907 

.8554 

.5022 
,4755 
,5249 
,6111 
.6374 
.5543 
,6276 
.7541 
.7558 
.7526 
.7548 

.6540 

. 7070 
,6054 
,5952 
.6552 
.7595 
,3751 
,4475 
,4544 
.4175 
,4558 
,5913 
,5521 
,5913 
,5558 
,6078 
,5238 

1.0115 
.8347 
.4879 
.3992 
.4472 
.4954 
.5273 
.4173 
,4807 
,5392 
, 7313 
,6595 
,6575 

,4435 
.4785 
,5718 
,5630 
,6304 
,7054 
.1407 
.3455 
.4727 
.1314 
.2574 
.4058 
.5240 
.5051 
,5071 
.4102 
.4409 
.5984 
.5065 
.4201 
.4188 
.3286 
.4651 
.4913 
.4208 
.5087 
.5509 
.8403 
.5260 
.5251 



TABLE IV (Contd.) 

Run 
No. 

68 
69 
70 
71 
72 
73 
74 
75 
76 
7 7 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 

.7490 

.6861 

. '490 

.7787 

.8553 
-.0177 
.5229 
.1551 
.5617 
.6826 
.3938 
.2588 
.3576 
.4829 
.4961 
.4096 
.5746 
.5760 
.9125 
.6950 
.7604 
.9349 
.5898 
.4659 
.4162 
.1551 
.2439 
.3276 
.4585 
.4655 

.7184 

.7226 

.7679 

.8253 

.8697 
-.0177 
.5900 
.6095 
.6708 
.7409 
.4530 
.3638 
.4517 
.5565 
.6419 
.6787 
.6969 
.6722 
.8954 
.7813 
.8973 
.9986 
.6332 
.6346 
.4270 
.3878 
.4330 
.4690 
.5533 
.6303 

.7793 

.7912 

.8179 

.8744 

.9009 
-.0177 
.6977 
.7232 
.7709 
.8484 
.4857 
.5055 
.5655 
.6481 
.7625 
.7945 
.8198 
.7996 
.9240 
.9111 
.9612 

1.0132 
.7258 
.7652 
.4803 
.5345 
.5446 
.5949 
.6947 
.7554 

.7982 

.8072 

.8419 

.8741 

.9006 
-.0177 
.7557 
.7732 
.8063 
.8668 
.5504 
.5899 
.6451 
.7196 
.8118 
.8460 
.8640 
.8714 
.9337 
.9443 
.9819 

1.0217 
.8002 
.8261 
.5671 
.6192 
.6290 
.6838 
.7795 
.8348 

.8153 

.8198 

.8519 

.8707 

.9001 
-.0177 
.7851 
.7886 
.8152 
.8769 
.5719 
.6531 
.6840 
.7605 
.8354 
.8586 
.8690 
.8704 
.9336 
.9458 
.9692 

1.0025 
.8221 
.8412 
.5139 
.6607 
.6826 
.7500 
,8171 
,8671 

Local Void 

.8053 

.8203 

.8382 

.8538 

.9081 

.9790 

.7905 

.7903 

.8115 

.8650 

.6079 

.6710 

.7034 

.7659 

.8380 

.8553 

.8951 

.9033 

.9555 

.9741 
1.0217 1 
1.0272 1 
.8282 
.8523 
.5531 
.6906 
.7374 
.8012 
.8589 
.8942 

Values 

.8118 

.8177 

.8330 

.8595 

.9081 

.9741 

.7591 

.7904 

.8195 

.8832 

.5112 

.5500 

.7092 

.7715 

.8302 

.8735 

.9178 

.9020 

.9544 
,9635 
,0025 
,0326 
.8219 
.8818 
.6680 
.7322 
,7715 
.8100 
,8523 
,8843 

,7992 
,8187 
,8394 
,8918 
,9254 
,9840 
,7658 
,7748 
,8340 
,8848 
,5985 
,5451 
.7091 
,7720 
,8205 
.8519 
.9145 
,8784 
.9529 
.9549 
.9959 

1.0381 
.8152 
.8597 
,6381 
,7032 
,7432 
,7852 
,8340 
,8751 

,7814 
.8125 
,8418 
,8953 
,9425 

1.0020 
,7312 
,7575 
,8225 
,8854 
,5589 
,5229 
,5831 
,7450 
,8034 
,8404 
,8555 
.8482 
,9537 
.9106 
,9834 

1.0299 
,7819 
.8307 
.5492 
,6319 
.6601 
.7184 
,8037 
.8361 

.7199 

.7578 
,8185 
,8575 
,9052 
,9858 
,5412 
.5881 
,7625 
,8412 
.4454 
.5152 
.5233 
.6020 
.7053 
.7855 
.7955 
.7891 
.9312 
,8589 
.9512 

1.0190 
.7150 
.7530 
.4515 
.5439 
.5635 
.6338 
.5757 
.7525 

.5904 

.6055 

.7310 

.7728 

.7632 
,9434 
,4600 
.4922 
,5730 
,6923 
,2904 
.3554 
.4027 
.4121 
.5487 
.6429 
,7157 
,6475 
,8649 
,7173 
,9875 
,9954 
.5892 
,5059 
.3003 
.3782 
.4029 
.4634 
,4884 
.6055 

.4441 

.3331 

.5575 

.5834 
-.2249 
.9571 
.2981 
,2978 
,3717 
,5842 
,2212 
,1825 
,2199 
,2372 
.3717 
,5389 
,5085 
,5503 
,7243 
,5379 
.7454 
.9412 
,5445 
,5388 
.1355 
.2825 
.3135 
,4273 
,3525 
,4875 



TABLE IV (Contd.) 

Run 
No. 

98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 

.6662 

.5935 

.7371 

.5330 

.3257 

.1554 

.1496 

.1280 

.2806 

.3952 

.3738 

.4738 

.3020 

.3810 

.2301 

.3377 

. 3803 

.4875 
. .4094 
.7268 
.8312 
.5822 
.5488 
.7985 
. 8290 
.9185 
.4772 
.6472 
.5584 
.5132 
.4763 
.5264 
.3768 
.6229 
.7625 

. 7414 

.6350 

. 7978 

.7551 

.5499 

.1990 

.2729 

.2687 

.4050 

.3931 

.4254 

.4994 

.5715 

. 4734 

.3664 

.4308 

.5115 

.6745 

.5297 

.6436 

. 8033 

.5872 

.7071 

.7659 

.8326 

.8879 

.5405 

.5599 

.5515 

.6055 

.5553 

.5731 

.5889 

.6923 

.7147 

.8083 

.7189 

.8496 

.8171 

.6520 

.3264 

.3480 

.4307 

.5367 

.4320 

.5038 

.5743 

.7585 

.5280 

.5049 

.6248 

.6668 

.8121 

.6077 

.7501 

.8854 

.8500 

.7721 

.7778 

.8383 

.8722 

.5777 

.5842 

.5870 

.6842 

.5852 

.6350 

.5988 

.7352 

.7669 

.8656 

.7425 

.8651 

.8505 

. 7250 

.4551 

.4275 

.5002 

.6047 

.4750 

.5639 

.6570 

.8382 

.5892 

.5770 

.6426 

.7336 

.8478 

.6695 

.7832 

.9230 

.8905 

.8034 

.7979 

.8400 

.8785 

.6508 

.6659 

.6751 

.7773 

.6451 

.6786 

.7677 

. 7853 

.8141 

.8558 

.7788 

.8885 

.8570 

.7337 

.4490 

.4818 

.5525 

.6484 

.5283 

.6160 

.7375 

.8733 

.6309 

.5993 

.6931 

.7755 

.8643 

.6792 

.8053 

.9289 

.9119 

.8072 

.7994 

.8441 

.8735 

.6879 

.7059 

.7095 

.8120 

.5850 

.7302 
,7952 
.8256 
.8496 

Local Void 

.9070 

.8051 

.8857 

.8939 

.7783 

.4056 

.5312 

.5801 

.7112 

.5506 

.5813 

.7542 

.8558 

.6717 

.6366 

. 7165 

.7925 

.8735 

. 7255 

.8352 

.9461 

.9107 

.8056 

.8141 

.8492 

.8656 

.7013 

.7403 

.7308 

.8131 

.5848 

.7604 

.8538 

.8331 

.8627 

Values 

.8176 

.7653 

.8867 

.8865 

.7375 

.3821 

.5210 

.6032 

.6542 

.5489 

.6645 

.7277 

.8535 

.6698 

.6194 

.7383 

.7799 

.8518 

.7095 

.8330 

.9381 

.8919 

.8148 

.8071 

.8454 

.8686 

.6878 

.7268 

.7252 

.8255 

.7029 

.7484 

.8258 

.8297 

.8608 

.8657 

.7892 

.9046 

.8835 

.7444 

.3651 

.5386 

.5535 

.6470 

.5319 

.6256 

.7367 

.8350 

.6399 

.6199 

.7071 

.7871 

.8950 

.7046 

.8139 

.9382 

.9085 

.8198 

.7901 

.8454 

.8575 

.5724 

.6908 

.7118 

.7958 

.6545 

.7158 

.7924 

.8058 

.6859 

.8750 

.7581 
,8518 
,8662 
,7004 
.3203 
.4901 
.4991 
.5793 
.4715 
.5580 
.7000 
.8117 
.5133 
.5525 
.5204 
.7307 
.8710 
,5568 
,7785 
.9118 
.8757 
,7841 
.7917 
.8385 
.8787 
.5145 
.6399 
.5457 
.7543 
.5241 
.5748 
.7556 
.7537 
,8155 

.8268 

.7139 

.8242 

.8009 

.6050 

.2787 

.2934 

.4169 

.4985 
,4154 
.5025 
.6142 
.7521 
.5295 
.4801 
.5530 
.6741 
.7939 
,5921 
,5912 
,8782 
.8124 
.7405 
.7649 
.8059 
,8540 
,5454 
,5728 
.5623 
,6527 
,5388 
.5207 
,5735 
,7025 
.7535 

.8040 

.6438 

. 7843 

.7245 

.6322 
,2553 
,3052 
,3419 
,4572 
.3225 
,3582 
,4312 
.5545 
.4309 
.3699 
.4079 
.5055 
.5521 
.4545 
,4518 
,7104 
,6213 
,6491 
. 7412 
,7927 
,8332 
,4269 
,4440 
,3911 
,4879 
,4312 
,4546 
,5353 
,5519 
,5907 

.8237 

.5566 

.7084 

.6099 

.5270 

.1510 

.2552 

.3087 

.2784 

.2953 

.2973 

.3601 

.4822 

.3285 

.3785 

.4162 

.4147 

.5325 

.4909 

.3314 

.4839 

.5922 

.4673 

.6645 

.7350 

.7037 

.2986 

.3089 

.1900 

.2874 

.2373 

.1352 

.3205 
,1637 
,2558 



TABLE IV (Contd. 

Run 
No. 

133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
152 

.5511 

.7252 

.5188 
,6992 
.6257 
.2059 
.2883 
.6056 
.8356 
.6068 
.2812 
.0893 
.7159 
.5345 
.6900 
.7539 
.6253 
.1674 
.3150 
.9259 
.9265 

1.0604 
.3203 
.4187 
.6375 
.2946 
.2284 
.4835 
.1070 
.2898 

.6205 

.8053 

.6249 

.7694 

.5595 

.2790 

.4156 

.5729 

.8888 

.7270 

.5412 

.1985 

.3145 

.7548 
,8142 
.8977 
.8251 
.4829 
.5290 
.9159 
.8795 
.9800 
.4573 
.5537 
.7658 
.4423 
.5125 
.6577 
,2240 
.3613 

.7375 

.8858 

.7420 

.8775 

.6532 

.3887 

.5945 

.7939 

.9515 

.8850 

.7135 

.3081 

.4477 

.8182 

.8757 

.9296 

.8734 

.6167 

.7888 

.9171 

.8582 

.9273 

.5412 

.6777 

.8494 

.5875 

.6945 

.8084 

.3651 

.3594 

.7986 

.9124 

.8088 

.9085 

.7254 

.4808 

.6682 

.8163 

.9411 

.8943 

.7780 

.3408 

.5244 

.8759 

.8989 

.9372 

.8992 

.6938 

.8472 

.9002 

.8549 

.9078 

.6041 

. 7404 

.8591 

.6674 

.7714 

.8449 

.4414 

.5983 

.8201 

.9399 

.8498 

.9091 

.7725 

.5525 

.7248 

.8486 

.9302 

.9131 

.8247 

.3903 

.5713 

.8855 

.9017 

.9272 

.9019 

.7350 

.8631 

.8986 

.8835 

.9037 

.6522 

.7810 

.8932 

.7279 

.8028 

.8736 

.4970 

.5543 

Local Void 

.8490 

.9294 

.8727 

.9122 

. 7911 

.6005 

. 7644 

.8585 

.9334 

.9347 

.8324 

.3993 

.6020 

.8973 

.<5051 

.9184 

.9080 

.7381 

.8603 

.9025 

.8980 

.8974 

.6847 

.8011 

.9097 

.7475 

.8382 

.8918 

.5125 

.6890 

Values 

.8577 

.9259 

.8676 

.9231 

.8031 

.5054 

.7525 

.8574 

.9404 

.9199 

.8073 

.3807 

.5039 

.8768 

.8792 

.9074 

.8759 

.7254 

.8508 

.9100 
,9029 
,9275 
,5953 
,8034 
.9071 
.7244 
.8104 
.8885 
.5110 
.5872 

,8352 
,9079 
.8535 
.9229 
.7912 
.5752 
.7550 
.8445 
.9555 
,9442 
.8159 
.3790 
.5827 
.8614 
.8875 
.9137 
.8930 
.7234 
.8534 
.9100 
.8851 
.9275 
.5730 
.7954 
.9045 
.5995 
.7973 
.8617 
.4782 
.5411 

.8056 
,9209 
,8411 
,9252 
,7518 
,5274 
.7125 
,8070 
,9484 
,9193 
,7540 
,3130 
.4984 
.8325 
.8877 
.9215 
.8775 
.5702 
.8270 
.9219 
.8853 
.9398 
.5215 
,7734 
,8905 
,5464 
.7710 
.8492 
.4092 
,5055 

,7419 
,8980 
,7652 
.8727 
.5584 
.4152 
.5911 
,7805 
,9254 
,8866 
.7043 
.2673 
.4067 
.8237 
,8503 
,9422 
,8735 
.5709 
,7540 
,9190 
.8725 
.9154 
.5315 
.5847 
.8450 
.8174 
.5559 
.7559 
.2988 
.4874 

,5285 
,8190 
,6506 
, 7878 
,5501 
.2828 
,4781 
,6918 
,8559 
. 7817 
.6197 
,1258 
.3037 
.5804 
.5904 
.6759 
.6032 
,3535 
,4858 
,8445 
,7838 
.8747 
,3973 
,4860 
,7038 
,4150 
,5044 
,6171 
,2157 
,4022 

.5157 

.7555 

.5509 

.5227 

.3287 

.0058 

.3837 

.5725 

.5577 

.5899 

.5085 
-.0338 
.0945 
.7486 
.7075 
.8952 
.7077 
.4504 
.4558 
.5354 
.4501 
.6464 
.0534 
.0530 
.2210 
.3129 
.3647 
.4559 
.1455 
,3501 



TABLE IV (Contd. 

Run 
No. 

163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
If̂ O 
181 
162 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 

. 3494 

.3220 

.?400 

.5397 

. 5406 

.9011 

.6301 

. 7940 

.0597 

.1343 

.2744 

.0231 

.1984 

.6100 

.a35e 

.5595 

.4435 

.4829 
• .1162 
.1162 
.1 338 
.0895 
.1775 
. 6460 
.4950 
.'^097 
.3593 
.5095 
. 4050 
.5316 
.6033 
.'075 
.-<090 
.7413 

.4734 

.5389 

.2332 

.5912 

.6260 

.8046 

.7936 

.8666 

.2278 

.2406 

.3119 

.3412 

.3559 

. 7248 

.9046 

.8270 

.7031 

.7678 

.3790 

.3355 

.3554 

.4053 

.4295 

. 7599 

.6919 

.7417 

.7136 

.6041 

.5779 

. 7488 

.7523 

. 8009 

.8733 

.8754 

.6152 

.6877 

.3084 

.6398 

.7068 

.7989 

.8348 

.8630 

.1967 

.3048 

.3626 

.4371 

.4313 

.8226 

.9250 

.8870 

.7784 

.8210 

.4431 

.4823 

.5017 

.5368 

.5683 

.8397 

.8023 

.8222 

.8533 

.6852 

.7002 

.8390 

.8586 

.8586 

.8792 

.8835 

.6949 

.7808 

.3918 

.6846 

.7292 

. 7997 

.8485 

.8739 

.2412 

.3489 

.4127 

.5230 

.4992 

.8580 

.9450 

.9313 

.8250 

.8422 

.5440 

.5666 

.5825 

.6297 

.6700 

.3645 

.8640 

.8613 

.8697 

.7386 

. 7443 

.8694 

.8594 

.8694 

.8841 

.8829 

.7713 

.8162 

.4471 

.7153 

.7664 

.8298 

.8618 

.8898 

.3313 

.4138 

.4956 

.5579 

.5699 

.8633 

.9530 

.9228 

.8331 

.8588 

.5554 

.6096 

.6410 

.6903 

.7055 

.8993 

.9014 

.8799 

.8963 

.7635 

.7635 

.8880 

.8745 

.8691 

.8838 

.8907 

Local Void 

.7883 

.8440 

.4705 

.7307 

.7831 

.8538 

.8590 

.8885 

.3108 

.4536 

.5224 

.5775 

.5575 

.8541 

.''503 

.9002 

.8442 

.8767 

.5841 

.6473 

.5591 

.7232 

.7404 

.9084 

.9052 

.9000 

.9002 

.7857 

.7701 

.8858 

.8858 

.8921 

.8933 

.8656 

Values 

.7992 

.8343 

.4944 

.7222 

.7624 

.8358 

.8697 

.8838 

.3254 

.4378 

.5311 

.5910 

.5723 

.8527 

.9338 

.8924 

.8509 

.8535 

.5625 

.5334 

.6276 

.5995 

.7276 

.9048 

.9118 

.8914 

.9095 

.7939 

.7993 

.8836 

.8914 

.8955 

.9054 

.8939 

.7561 

.8154 

.4788 

.7172 

.7620 

.8273 

.8583 

.8773 

.2913 

.4159 

.4692 

.5461 

.5407 

.8629 

.9349 

.8847 

.8557 

.8422 

.5435 

.5742 

.5044 

.5813 

.7102 

.8951 

.8955 

.8650 

.9009 

.7777 

.7695 

.8772 

.8955 

.8955 

.8967 

.9033 

,7229 
.7884 
,3905 
.7012 
.7588 
,8278 
.8593 
.8760 
.2394 
.3436 
.4296 
,4948 
,5038 
.8223 
.9293 
.8779 
,8497 
.8259 
.4958 
.5029 
.5544 
,5453 
.5597 
.8711 
.8552 
.8759 
.8841 
.7242 
.7441 
.8525 
.8812 
.8812 
.8930 
.8971 

.6379 

.7109 
,3292 
,6494 
,5901 
.8085 
.8306 
.8773 
.1743 
.2761 
.3563 
.4029 
.4031 
.7972 
.9137 
.8554 
.8251 
.8053 
.4122 
.4535 
.4691 
.5490 
.5958 
,8041 
,7979 
.8090 
.8314 
.5595 
.5595 
,8173 
,8421 
,8356 
,8786 
.8882 

.8107 

.5710 

.2045 
,5345 
.5641 
,7381 
,7813 
,8348 
, 0866 
,1935 
,2237 
.2975 
.2905 
.7488 
.8584 
.8132 
. 7511 
.7275 
.3446 
.3524 
.3248 
.4335 
.4600 
.6885 
.6557 
.6847 
,6945 
,5795 
,5550 
,7417 
,7727 
,7850 
,8347 
,8543 

.3910 

.3385 

.1598 
,3686 
,4389 
.5948 
.6609 
.7503 
.1217 
.0893 
.0550 
.1885 
.2210 
.5669 
.7398 
.7051 
,6705 
,4882 
.2121 
.1955 
.0773 
.2934 
.3332 
.4719 
.5102 
.5940 
.5412 
.4555 
.3998 
.5940 
.6582 
.7901 
.8948 
.7405 



TABLE IV (Contd.) 

Run 
No. 

197 
198 
199 
200 
201 
202 
203 
204 
205 
205 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 

.7364 

.3012 

.3992 

.3428 

.4394 

.3718 

.5700 

.1558 

.4682 

.2536 

.4903 

.6191 

.2919 
1.0780 
1.3153 
1.3828 
.6676 
.6131 

1.0893 
.8920 
.6770 
.7879 
.6765 
.3191 
. 4067 
. 0749 

.7738 

.4744 

.4585 

.4317 

.5745 

.4222 

.7196 

.5466 

.5651 

.3671 

.5010 

.7328 

.3956 

.9865 

.9540 

.9704 

.7370 

.8389 
1.0321 
.9417 
.8358 
.9141 
. 7704 
. 4459 
.3963 
.2087 

.8395 

.6463 

.5357 

.5423 

.6897 

.5724 

.8436 

.7726 

.7189 

.4753 

.6053 

.8242 

.5698 

.9847 

.9689 

.9502 

.8018 

.9596 
1.0232 
.9836 
.9054 
.9404 
.8521 
.5553 
.5018 
.3496 

.9178 

.7471 

.6192 

.6407 

.8054 

.5730 

.8915 

.7759 

.7988 

.5439 

.6760 

.8707 

.5602 
1.0088 
.9876 
.9661 
.8368 
.9894 

1.0271 
.9838 
.9399 
.9478 
.8860 
.6549 
.5995 
.4370 

.9353 

.7957 

.6848 

.6937 

.8336 

.7239 

.9191 

.7933 

.8339 

.5922 

.7403 

.9029 

.7033 
1.0161 
.9957 
.9684 
.8570 
.997 7 

1.0302 
1.0057 
.9430 
.9476 
.8910 
.7007 
.6426 
.4845 

Local Void 

.9393 

.8217 

.7023 

.7321 

.8534 

. 7689 

.9321 

.8459 

.8456 

.6219 

.7607 

.9100 

.7175 

.9879 

.9835 

.9791 

.8882 
1.0034 
1.0334 1 
.9838 
.9478 
.9558 
.9133 
.7386 
.5674 
.5283 

Values 

.9654 

.8255 

.6956 

.7105 

.8595 

.7552 

.9160 

.9280 

.8324 

.5144 

.7573 

.9080 

.7214 

.9552 

.9715 

.9609 

.8636 

.9785 

.0203 

.9811 

.9331 

.9326 

.8979 

.7305 

.5548 

.5180 

.9451 

.8113 

.5790 

.7085 

.8478 

.7309 

.9015 

.9426 

.8232 

.5537 

.7397 

.9143 

.5906 

.9821 

.9902 

.9535 

.8550 

.9702 
1.0139 
.9727 
.9255 
.9335 
.8853 
.5952 
.5059 
.4838 

.9375 
,7781 
.6338 
,6507 
.8055 
,7001 
,8857 
.8753 
.7720 
,5088 
.7235 
,8790 
.5377 

1.0005 
1.0059 
.9553 
.8581 
.9703 

1,0212 
,9574 
,9154 
,9553 
.8925 
.5551 
.5533 
.4171 

.8855 

.6795 

.5400 
,5504 
.7325 
,5935 
.8475 
,7805 
,6818 
,3907 
,5893 
,8059 
,5311 
,9848 
.9822 
,9689 
,8125 
,9292 

1,0159 
,9701 
,9072 
,9289 
,8350 
,5451 
,4441 
,3213 

.7435 

.4652 

.4317 
,3953 
.5283 
.4091 
.7261 
.7244 
.4885 
.3509 
.5091 
.6545 
.3754 
.8943 
.9390 
,8944 
.6721 
.8059 
.9584 
.9185 
.8410 
.8125 
.7233 
.4081 
.3355 
.1870 

,6155 
,2644 
,2794 
,3245 
,4128 
,2525 
,5455 
,8337 
.2241 
.3587 
.4172 
.5053 
.2293 
.7549 
.7807 
.5751 
,4449 
.5520 
.8451 
.8315 
,7171 
,5517 
,5016 
.3779 
.3274 
.0985 



TABLE IV (Contd.) 

Run 
No. 

223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 

. 5560 
1.0379 
. 5038 
.1355 
.4189 
.2421 
.0621 

-.0142 
.1402 
.'141 
.7443 
.'591 
.3073 
. 0428 

-.1346 
-.0722 
. O440 

-.0686 
. .2107 

.8916 

.'-135 

. 4578 
1.0818 
. 8344 
.6680 

.6410 

.9269 

.8238 

.5262 

.6063 

.=.394 

.3905 

.2070 

.4106 

.4281 

.8093 

. 4569 

.6734 

.3697 

.1129 

.1973 

.4617 

.3547 

.3510 

.9061 

.4188 

.6992 

.9169 

.8081 

.7443 

.7826 

.9078 

.8806 

. 7002 

.8096 

.7392 

.5547 

.3975 

.5570 

.6024 

.9174 

.6172 

.8160 

.5633 

.2646 

.4128 

.5790 

.5079 

.5058 

.9000 

.3940 

.7715 

.9228 

.8150 

.8285 

.8555 

.9115 

.8954 

.8337 

.9420 

.8620 

.6586 

.4931 

.5900 

.7044 

.9302 

.6871 

.8239 

.6630 

.3620 

.4893 

.7056 

.6101 

.5963 

.9254 

.4847 

. 8298 

.9107 

.8177 

.8443 

.8665 

.9092 

.9029 

.9053 

.9675 

.8886 

.8003 

.5551 

.8163 

.8025 

.9815 

.7804 

.8725 

.7555 

.4474 

.583 7 

.7557 

.6716 

.6252 

.9126 

.5140 

.8660 

.9358 

.8285 

.8422 

Local Void 

.8685 

.9106 

.9056 

.8674 

.9298 

.8770 

. 7896 

.6651 

.8190 

.8722 

.9690 

. 7490 

.7313 

.7396 

.4432 

.6462 

.7796 

. 7300 

.6684 

.9126 

.5615 

.8831 

.9485 

.8686 

.8819 

Values 

.8712 

.9414 

.9217 

.7897 

.8534 

.7861 

.7102 

.5683 

.7402 

.7944 

.8934 

.8142 

.9278 

.8043 

.4817 

.5789 

.8591 

.7658 

.5397 

.9126 

.5759 

.8828 

.9489 

.8834 

.8703 

.8854 

.9451 

.9229 

.8047 

.8585 

.8294 

.7349 

.5217 

.7519 

.8236 

.9550 

.8336 

.9421 

.8113 

.5007 

.5350 

.8124 

.7215 

.6054 

.9099 

.5302 

.8828 

.9491 

.8849 

.8591 

.8809 

.8980 

.9229 

.7039 

.7847 

.7144 

.6492 

.4701 

.5370 

.7357 

.9052 

.8207 
,9298 
.7850 
,3936 
,5487 
,7056 
.6385 
.5368 
.8999 
.4902 
.8811 
.9241 
.8591 
.8461 

.7971 

.9212 

.8779 

.6233 

.7297 

.5335 

.5250 

.3920 

.5137 

.6280 

.8846 

.7452 

.8444 

.5693 

.3105 
,4541 
,5568 
,5507 
,4663 
.9118 
.3757 
.7711 
.9353 
.8311 
.8575 

.6353 

.8807 
,8503 
,4427 
,5301 
,4754 
,4451 
.^156 
.3732 
,4837 
.8142 
.5124 
, 7300 
, 7251 
,1959 
,3154 
.4578 
.4298 
,3577 
.8987 
,2792 
.6579 
,9892 
,8313 
,8313 

,2348 
.7377 

1.0160 
.3670 
.2727 
.2245 
.3694 
.1840 
.3251 
.2798 
.5420 
.2809 
.5568 
.2511 

-.0178 
.1551 
.2387 
.1190 
.4226 
.9531 
.2179 
.4532 
.8883 
.7850 
.7860 



141 

APPENDIX D 

Installation of Glass Section 

The installation of the rectangular glass section (l-L by 36 by v/S in. 
thick) proved to be very difficult and resulted in many broken sect ions. 
P r imar i l y , the major difficulty occurred when the bolts at either end of the 
longest dimension were employed. A shearing failure took place at a point 
approximately 3 to 4 in. from the end. The final procedure involved tight
ening the nuts along the length of the section in a preferent ial order and 
eliminating the end bolts. The glass itself should be free from s t r e s s -
concentrating chips or c racks , either in the face or along the edge. S t r e s s -
relieving of the glass is highly recommended. Inclusions or voids inside 
the glass did not present any difficulties in the present installation. The 
pr ime consideration is to place the glass in compression and to avoid any 
tension-producing situations. If improperly car r ied out, the tightening 
sequence is one source of tension production. The following procedure was 
successfully employed: 

1. All nuts were hand-tightened. 

2. A calibrated torque wrench was used to apply 50 in.-lb to the 
nuts neares t the center of the section. This torque was applied al ternately 
above and below the center working toward the ends. 

3. The torque was to be uniform; therefore the same procedure 
was followed for reapplying the 50-in.-lb torque. The center nuts did not 
have the initially applied torque after the tightening sequence was completed. 
Therefore the tightening was repeated several t imes . 

4. The torque was increased in 25- to 50-in.-lb increments . 

It was found that 100 in.-lb of torque were sufficient for sealing the 
glass section for p r e s s u r e s of 200 psia. It is recommended that systems 
should be undertorqued in a cold condition and p re s su re - t e s t ed to determine 
the p r e s s u r e required for leakage. In the hot- test condition, the seal will 
generally be more efficient than in the cold tes t . Since the expansion of the 
par t icular system is not easily predictable, the t r i a l - a n d - e r r o r method of 
sealing is to be expected. 

When the glass section is removed after the system has been heated, 
par t icular care should be exercised in removing the torque load. Reversing 
the tightening procedure was successful. Stress concentrations a re nor
mally found upon rapid cooling and are to be avoided. The glass may fail 
when the bolt torque is removed, especially when rapid cooling of the glass 
has occurred . 
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